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ABSTRACT

For a small tap, series arrangement of converter stations
is more suitable and more economical, as compared with par-
.allel arrangement. However, two inherent drawbacks of an
" HVDC converter, namely, the consumption of reactive power
and the production of characteristic harmonics (especially
on the ac side), will become more intense if the converter
operates as a series tap. The concept of "differential fir-
ing" o% two (or more) bridge sets 1in series is shown to be
capable of mitigating these problems. The theoretical stud-
ies are supported by digital simulation studies of a proto-
type so-called ‘"guasi 24-pulse series tap“ incorporated in
the Bipole II of Nelson River HVDC system, using the elec-
tromagnetic transients-direct current (EMTDC) program of
Manitoba Hydro. The results show the feasibility of the idea
with no side effects. For a series tap operating as a rec-
tifier only, a "diode rectifier series tap" 1is proposed,
which results in a less complex, more reliable and more eco-
nomical system, with no need for any dc circuit breakers.
Digital simulation studies of a prototype diode rectifier
series tap incorporated in the Bipole 1II of Nelson River
HVDC system, using the electromagnetic transients program
(EMTP) of Bonneville Power Administration, are performed as

’well.
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Chapter 1

INTRODUCTION

1.1 GENERAL REVIEW

Since the outset of application of high voltage direct
current (HVDC) transmission, consideration has been given to
interconnecting more than two terminal stations with some
form of dc network. The introduction'of thyristor valves in-
creased %he interest in multiterminal HVDC systems, since
the required extra tasks can be assumed by thyristof valves,
more reliably than by mercury arc valves. Another obstacle,
.namely, the unavailability of dc circuit breakers has, more
or less, been overcome. Dc circuit breakers [1,2], which ba-
sically consist of breaking switches and energy dissipating

devices, have proved feasible, although less flexible and

more expensive than their ac counterparts.

Multiterminal HVDC systems can, basically, be divided
into two categories, namely, parallel and series arrange-
ments. Series and parallel arrangements of a three-terminal

system are schematically shown in Figure 1.1.

Realistic strategies for achieving parallel multiterminal
operation were published in 1963 [3], at a time when two-

terminal applications were still in their infancy. Two
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Series and Parallel Arrangements of a Three-

Figure 1.1
Terminal HVDC System.

years later, the alternative arrangement, namely, series
connection of converters [a}, emerged. A comprehensive re-
view of the papers dealing with multiterminal HVDC systems,
until 1979, 1is available in [1]. These papers dealt with
multiterminals using line commutated controlled converters,
while, 1in the present decade, diode rectifiers [5] and
forced commutated inverters [6] have been introduced to par-

allel and series multiterminals, respectively.

Kingsnorth HVDC scheme in England, which consists of
three terminals, was commissioned in 1376. In 1982 the par-
allel operation of Bipoles I & II of Nelson River HVDC sys-
tem for emergency cases [7] became a reality. Since then, a
few other multiterminal operations have come into existence
around the world. Small series taps, which have recently
gained more attention [8-10], can be considered to be among

the potential candidates for future multiterminal opera-

tions.

A comparison between parallel and series arrangements

[8,11] reveals that the series arrangement is more suitable

for small taps, up to, say 20% of the main syétem rating.



Nevertheless, a series tap may suffer from a number of draw-
packs, such as higher reactive power consumption and higher

filtering requirement on the ac side of the tap.

production of harmonics and consumption of reactive power
are two inherent drawbacks of HVDC converters. Two conven-
tional methods, namely, application of filters and increas-
ing the number of pulses, exist for reducing harmonics.
Twelve-pulse operation, effected by providing two bridges
with wye—- and delta-connected transformer secondary wind-
ings, has frequently been used. Nevertheless, increasing
the number of pulses beyond twelve, e.g., twenty four, using
phase—shigting transformer windings, is considered to be un-

economical [12,13] and has not been practiced in HVDC con-

verter stations.

The required reactive power has been conventionally pro-
vided by synchronous condensers, capacitor banks and par-
tially by filter banks. Static VAr systems [14] are more re-
cent sources of production and control of reactive power at
HVDC terminals. Forced commutated inverters [15] have also
been suggested as alternatives to line commutated inverters,
although they are more complex. They are proved to be capa-
ble of providing their own reactive power requirement, as
well as producing and controlling the reactive power re-
guired by their ac systems. Line commutated converters, too,

can, to some extent, control their reactive power consump-—

tion, in addition to fully controlling their ‘real power.




guch a control can be achieved with a back-to-back HVDC sys-
tem (where, transmission loss is not a concern) by properly

controlling both the inverter voltage and the system current

[167.

A similar, but more limited control of reactive power
(or ac voltage) can be exercised by an independent operation
of individual bridge sets [17], provided that, at least two
bridge sets are available. This idea has been suggested for

series taps [18], as well. Alternatively, the aim can be

the reduction of certain characteristic harmonic magnitudes
(151, rather than the reduction and control of reactive pow-
er, Or ;ven a combination of both. The term "differential
firing", as opposed to "equal firing" of all bridges, will
be used to indicate such ideas in general. It may be noted

_that in both cases the individual valves of each bridge will

be fired by equidistant pulses at every 60 degrees.

1f a converter station is to operate in rectification
mode only, the application of diode rectifier bridges may be
a favorable option [2,5,19]. A diode rectifier station is

attractive from economic and reliability points of view.




1.2 MOTIVATIONS AND OBJECTIVES

As was pointed out in the previous section, two inherent
drawbacks of an HVDC converter, namely, reactive power con-
sumption and harmonic production, become more intense when
the converter operates as a series tap (i.e., operating at
constant dc line current, rather than constant dc voltage).
There are indications, 1in the literature [15,18], that the
concept of differential firing is potentially capable of di-
minishing these drawbacks, although to a limited extent. A
special situation may also be recognized, where the tap is
to opera%e as a rectifier only, i.e., transferrihg power to
an HVDC line by a relatively small series tap. In this case,
a diode rectifier series tap 1is potentially an advantageous

option [2,5,19].
The objectives. of this thesis are the followings:

1., 1Identification and <clarification of the major draw-
backs of a series tap as compared with a parallel tap
or other HVDC converters.

2; Development of the 1idea of diode rectifier series
tapping, its comparison with other possibilities and
the demonstration of its technical feasibility using
digital simulation studieé of a prototype system.

3. Examination and comparison of various possibilities
of the coﬁcept of differential firing as used for re-
active power reduction and voltage control of a (line

commutated) series tap.




4. Development of the concept of differential firing as
used for harmonic reduction in the context of a clas-
sical application with an appropriate control method,
the demonstration of technical feasibility of the
idea by digital simulation, and examination of the
economic implications.

5. Examination and comparison of various possibilities
of harmonic reduction and its combination with reac-

tive power reduction using differential firing.

This study will, thus, be concentrated in the areas indi-

cated by broken lines in Figure 1.2, in conjunction with

|,
small series taps.

HVDCAJ
SYSTEM
¥
r
TWO— MULTI-
TERMINAL TERMINAL
¥ ¥ ¥
POINT- BACK- SERIES
TO-POINT TO-BACK PARALLEL E
F__L_'l F—‘L T
T T et Y.
CONT D DIODE F:ONT D DIODE CONT'D | DIODE |
CONV. RECT. CONV. RECT. CONV. | RECT,
LINE FORCED ‘ v LINE FORCED
COMM'D COMM'D COMM'D COMM'D
R’
EQUAL E'—ou-'ff a
FIRING LFIRING _|

Figure 1.2: Basic Classification of HVDC Systems.




4.3 OUTLINE OF THE THESIS

Parallel and series multiterminal HVDC systems are com-
pared in Chapter 1II. The drawbacks of series tapping, as
well as the methods of their mitigation are pointed out.
The reactive power requirements of a series tap for both
equal firing and differential firing are formulated and
plotted. The harmonics of a series tap are appropriately
represented. The concept of differential firing for harmonic
reduction is briefly explained. The effect of the location
of a series tap on its dc harmonics entering the dc line is
analyzedK Some <characteristics of diode rectifiers are
pointed out and diode rectifier series tapping is intro-

duced.

In Chapter 1III, diode rectifier series tapping 1is de-
scribed. The results of digital simulation studies, carried
out for a 10% diode rectifier series tap incorporated in the
Bipole II [20] of Nelson River HVDC system, using the elec-
tromagnetic transients program (EMTP) of Bonneville Power
Administration (BPA) [21], are presented. A comparison with
other schemes is presented and economic implications are

pointed out.

In Chapter IV, the voltage regulation capability of a se-
ries tap, using differential firing, is calculated and plot-
ted versus the number of bridge sets. Various possibilities

are discussed. A control method, termed as "pfedetermined




gifferential firing" method, is developed. Typical functions
for effecting a kind of operation, termed as "guasi twenty
four-pulse" operation, are determined. A small disturbance
analysis of a prototype tap is presented. The results of di-
gital simulation studies of the prototype system, namely, a
10% quasi twenty four-pulse series tap incorporated in the
Bipole II of Nelson River HVDC system, using the electromag¥
netic transients-direct current (EMTDC) program of Manitoba
Hydro [22], are presented and compared with the theoretical
results. The economic implications, other optiéns and other

applications are discussed.
|
Finally, conclusions, major contributions and suggestions

for further research are stated in Chapter V .




Chapter II

THEORETICAL BACKGROUND

2.1  GENERAL

In this chapter, parallel and series arrangements of mul-
titerminal HVDC systems are compared. The drawbacks of se-
ries tapping and their mitigation techniques are discussed.
The necessary theoretical background for differential firing

and diode \rectifier technigues are established.

2.2 COMPARISON OF PARALLEL AND SERIES ARRANGEMENTS

The pros and cons of parallel and series arrangements are
given in Table 2.1‘[1,8,i1,18]. Depending upon the applica-
tion, each arrangement offers some advantages over the oth-
er. For a small tap, in particular, the series arrangement
appears more suitable as well as more economical. The rea-

sons are as follows.

1. A small tap 1is susceptible to system faults, espe-
tially to disturbances on its own ac bus. This might
cause commutation failure, recovery from which may be
difficult and may even require a momentary shutdown
of the whole system in case of parallel tapping. A

series tap, however, 1is less subject to commutation




TABLE 2.1

Comparison of Parallel and Series Arrangements

DESCRIPTION PARALLEL ARRANGEMENT SERIES ARRANGEMENT
1 Tap's Voltage Rating At System Voltage Less Than System Voltage
2 Tap's Current Rating Less Than System Current At System Current
Insulation Line The Same Along the Line Different gt Each Section
3
Level Tap Equipment At Low Voltage At High Voltage
Commutation Failure May Draw Excessive Current Is Handled by Main Rectifier
4 in One Inverter from Other Stations o -Control (Similar to
Station ( Needs Other Provisions ) Point-to-Point Systems )
Blocking of a Single Either All Stations Work at No Reduction in Other
g Bridgé (in Series Reduced Voltage or That Stations' Voltages
Connection) Requires Station Be Disconnected
6 DC  Circuit Breaker More Flexible if Used Not Needed
Reversal of Power at Mechanical No Mechanical
7 any Station Requires Switch Operation Switch Operation
Transmission Minimized by Keeping Minimized by Letting the
8 Losses the System Voltage at Inverter with the Highest
Rated Value PdO/PdN Set the Current
Somewhat Higher Than Much Higher Than
9 VAT Requirement Comparable Converter in a Comparable Converter in a
of the Tap Point-to-Point System Point-to-Point System
Slightly Higher Than Those Higher Than Those
Harmonic aC of Point-to-Point Converters |of Point-to -Point Converters
Magnitudes (pu)
0] . 3 : of
in the Range Slightly Higher Than Those Much Higher Than Those
i Point-to-Point Converters
of Operation ne oi Point-to-Point Converters . )
But Usually Less on Line Base
Probability of - iall Low (with Easy Recover
11 | Commutation Failure High(Specially for Small Taps) ( v v)
12 Central Control More Flexible 1if Used May OF May Not Be Used
. or s
13 Dependence on Fast Higher Than More Less Similar to

Communication

Point~to-Point Systems

Point-to-Point Systems




failure and, if a commutation failure happens, it can
recover without shutting the main system down [8,18].

2. A parallel tap has to be rated at system voltage
(with current rating less than syséem current). A se-
ries tap need not be rated at system voltage (it has
to be rated at system current). For a small tap the
lower voltage rating lowers the cost considerablly
[8,18].

3. Other general advantages of series arrangements (see
Table 2.1, rows 4, 5, 6, 7, 12 & 13) may also be ex-
ploited.

|
On the other hand, a series tap may have some drawbacks

of its own (see Table 2.1, rows 3, 8, 9 & 10). The tech-
nigques for diminishing these drawbacks will be discussed in

the following sections.

2.3 TRANSMISSION LOSSES

Incorporation of a series tap in an HVDC system may cause
the transmission losses to be increased. However, minimum
transmission current and, thus, minimum transmission loss
can be achieved by allowing the station with the larger ra-
tio of instantaneous power to rated power to set the refer-
ence value for the current controller at the rectifier sta-
tion. This is termed as "comparison of power ratios" concept
[18,23]. The extra losses due to the tap will, then, depend
on the daily 1load curves of the tap as comparea with those

of the main inverter.




Whether or not the tap should be allowed to set the
current at all, depends on the importance of the load at the
tap (i.e., a compromise between the minimum loss and the
firm supply of the load at the tap). Therefore, it is con-
sidered as an optional operation strategy, which does not

concern (or interfere) with the objectives of this thesis.

2.4 INSULATION ASPECTS

The idea of using a station 1in series with the line per-
mits the use of low voltage elements, where the insulation
levels are proportional to the energy tapped and the station
floats at line voltage. The isolation between the station
and the ground is achieved by the dc insulation between the
windings of the output transformer and also by the insulated
support structure. It has been suggested [8] that it is more
economical to colléct the energy in a low voltage, relative-
ly complex, but low cost transformer, prior to transfer
through an isolation transformer. The application of isola-
tion transformer will be illustrated 1later in this thesis

(see Figure 3.1(a)).

2.5 REACTIVE POWER REQUIREMENTS

The reactive power characteristics (i.e., P-Q character-

istics) of a series tap can be derived [16,18] as follows.

The reactive power demand of a bridge is:

Q = Pq tan ¢ = V4qI4 tan ¢, (2.1)

- 12 -




Withr

cos ¢

ir

[cos o + cos(atu)1/2 = V4/v, (2.2)
where,
Q = reactive power,
Pqg = dc power,

V4q = dc voltage,

I4 = dc current,
¢ = power factor angle,
a = firing angle,
u = overlap angle,
and V, = no load dc voltage of the bridge.

After some simple manipulations,
Q= [(VI? - 75 11/2, : (2.3)
It should be noted that the exact reactive power consump-

tion of a bridge [13] is given by,

Q= Idyg {21+ sin 20 - sin(20 + 2u)}/(8V), (2.4)
where,

gV = SMLbId/ﬂ, (2.5)
and wLC = Commutation reactance.

However, Equation 2.3 is more appropriate for represen-
tation of the reactive power <characteristics and the
approximation introduces negligible error, indeed.
For conveniehce, the following per unit (pu) bases are
defined:

PN = rated dc power in inversion mode = MVA base on

both ac and dc sides of the tap,

Tan rated dc line current = kA base on the dc side,

sz = rated ac system voltage= kV base on the ac side,

- 13 -




and wg = synchronous angular frequency = rad/s baSe.
Also, for convenience and simplicity, the following as-

sumptions are made:

Oip = Minimum firing angle = 2.0 degrees,
Ypin = minimum margin angle = 18.0 degrees,
and 6Vy = rated commutation voltage loss = 0.06 pu.

From the above definitions and assumptions the following

values are implied:

VdN = rated dc voltage in inversion mode = 1.0 pu,

VON = rated no load dc voltage = 1.1146 pu,

oy = firing angle at rated condition = 147.5 degrees,
ana X¥ = transformer reactance = 10.77% on its own base.

At 1.0 pu ac voltage (on the converter side of the trans-
former), the P-Q characteristics (for constant dc "line

currents) are, thus, given by,

2
Q = [(1.1146 Id)Z-P(?ﬂl/ pu, (2.6)
with,
UGl =1.0pu” 0.492 pu,

Vq==]”0 pu
and,

V., =0.0

U

For dc line currents of 1.0 and 0.5 pu, the characteris-
tics (in inversion mode) are plotted in Figure 2.1. Obvious-
ly, for any number of bridges in series, having equal firing
angles, the characteristics will be the same, ; if the per

unit bases are interpreted as overall values.

|
i
|
s
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Figure 2.1: Reactive Power Characteristics of a Series Tap.

Assuming a load power factor of 0.85 lagging, the re-
quired installed reactive power will be 1.315 pu, as is
shown in Figure 2.1, For simplicity, the variable range of
the reactive power supply, required for the variations in
the load power factor, is not considered here. For the same
converter,‘if it were operated at minimum margin angle only,
the required installed reactive power would be 1.112 pu

(i.e., a series tap demands 18.26% more).




2.5.1 Differential Firing

1f two bridge sets (preferably twelve-pulse bridge sets)
are aVéilable and one operates at minimum margin angle, the
reéctive power consumption of the tap [18] will be,
Q={0.492+[ (1.1146 1) 2= (142 Pg) 21 1/2}/2 pu, (2.7)
The characteristic for 1.0 pu dc 1ine current is shown 1in
Figure 2.1, as well. This cha;acteristic will be referred to
as minimum VAr characteristic for two bridge sets (for 1.0
pu dc line current). The corresponding characteristic with

equal firing will then be called maximum VAr characteristic.

Operatidn on the minimum VAr characteristic means 8% less
installed reactive power and less reactive power consump~
tion, especially at light loads, as can be seen from Figure
2.1. 1t also means higher frequency of commutation failure,
as one bridge set operates at minimum margin angle all the

time.

By properly adjusting the firing angles of both bridge
sets (i.e., using a differential firing method), any operat-
ing point between the maximum and the minimum VAr character-
istics can (theoretically) be obtained. This means, 1if the
tap is operating on the minimum VAr characteristic, it is
possible to increase the VAr consumption of the converter
(i.e., VAr absorption capability) which can be used to re-
duce the overvoliages in the tap's own ac system. Alterna-

tively, one can create both absorption and production capa-




bilities by simply setting an operation ‘characteristic
(e.g., a constant power factor line) between the maximum and
the minimum VAr characteristics. In any case, the voltage
‘regulations on the tap's ac bus will be very small at large

loads.

Larger voltage regulations can be obtained by using more
bridge sets in series. The minimum VAr characteriétics of
four and eight bridge sets are shown in Figure 2.1, as well.
The pros and cons of this idea will be discussed in Chapter
1V, after the calculation of the voltage regulation as a

function\of the number of bridge sets in series.

2.6 HARMONICS

The magnitudes of characteristic harmonics of HVDC con-
verters are conventionally plotted versus the overlap angle,
using the firing angle as a parameter [12,13,24]. However,
to clarify the behavior of harmonics in a series tap, the
higher desirability for their reduction and the way they are
to be reduced, a change of variables is desirable to adapt
the representations to the way a series tap operates; the
real power of a series tap is regulated by controlling the

tap's dc voltage rather than the dc line current.

The voltage and the current waveforms of a controlled
bridge for a firing angle of 30 degrees, are shown in Figure

2.2 [13]. They can be defined at any firing angle as,
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d cos o-cos(atu) ! Tor w w
+
Id , for QBE £t < 2ﬂw3+a ,
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Figure 2.2: Voltage and Current Waveforms of a Controlled
Bridge.

where, the firing angle is measurred with reference to the

zero axis of Figure 2.2,




The firing and the overlap angles are related to other

variables of a bridge by,

Vg = Vo[cos o + coslatu)l/2, (2.10)
and,
Vd=VO COSOL—SU)LCId/TT Pu, (2.11)
with,
= u,
Vo= Vo - Vs ¥ (2.12)

where, the symbols and per unit bases are as defined in the
previous section and the voltage drops on the valves and
transformer resistance are neglected. Substituting from
Equation 2.12 in Equations 2.10 and 2.11, the firing and the
overlap ahgles can be derived as,

o = arccos {(Vd/VS + 3 Lc/ﬂ . wId/VS)/VON} , (2.13)

and,

w = arccos {(Vy/Vg + 3 L/m . wIy/VONgd = o, (2.14)

Thus, the new variables are VdA@; and waﬂ Vs' which, at rat-

ed ac voltage and synchronous fregquency, simply reduce to Vd

and I respectively.

dl

2.6.1 AC Current Harmonics

Fourier analysis of i(t) (i.e., Equation 2.8) results in

the real (denoted by subscript R) and imaginary (denoted by
subscript X) components of the fundamental and the nth char-
acteristic harmonic currents of a line commutated converter

as,
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I(l)RfvzfVO{cos(w/3+2a)—cos(ﬂ/3+2a+2u)—/§p}, (2.15)

I(Df%;‘];%{sm(ﬂl 3+20,)-sin(m/3+20+20)+ul, (2.16)
=290 320 (L :

L nﬂXg sin— {55 sin((n+1)p/2).sin((n+l)(ou/2)+nm/3)
-ré_lsin((n—l)u/z).sin((n-1)(a+p/2 yenm/3) 3, (2.17)

I(n)Xf %ﬁ%ﬁ sinE%{—ﬁ%E Sin((n+1)u/2).cos((n+1)(a+u/2)+nn/3)

+n—:_‘L'—18in((n—‘1)u/2).cos((n—l)(oc+u/2)+nﬂ/3)}, (2.18)

where,

mp-1 and mp+1,

n

P the number of pulses = 6, 12, ... ,

and m =1, 2, «.. &«

Then (for n=1 as well),

2 Al
I(nfw4lunifﬂknpﬂ/2 (i.e., r.m.s. value), (2.19)
0ny” aretan Tox/Inm) (2.20)
and,

= _ 0
Iny Iyl (2.21)

where, the bar denotes phasor quantity.

According to above the ratio of the nth harmonic current
magnitude to the fundamental .current magnitude (i.e.,
I(n)ﬂfl) ) is a function of two variables, namely, firing
and overlap angles only. By substituting for these variables
from Equations 2.13 and 2.14, the ratio in guestion can be

determined in terms of the new variables. 11th and 13th

harmonic magnitudes in percentage of fundamental current are

‘plotted versus Va/vs, using wkﬂvs as a parameter, in Fig-

- 20 -
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ures 2.3 and 2.4, respectively. The numerical assumptions
and per unit bases of Section 2.5 are implicit in these fig-
ures. For different numerical values, the variables can be

“easily adjusted by simple correction factors.

10.0
9.0
8.0
7.0

6.0
0.0”

I(u)/l(n %

Figure 2.3: 11th Harmonic Current of a Series Tap.
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Figure 2.4: 13th Harmonic Current of a Series Tap.
It may be noted that the nth harmonic magnitude in per-

centage of fundamental current approaches a value of 100/n%

as the dc line current (or, in general, as thevoverlap an-




gle) approaches zero. However, the required level of filter-
ing for nth harmonic does not depend on this value. It de-
pends on the maximum magnitude of the nth harmonic current
in Amps or in percentage of the rated fundamental current.
Using the latter, the maximum magnitude of 11th harmonic at
rated conditions (i.e., synchronous frequency;,; rated ac

voltage and rated dc line current) is 8.57%, as can be found

from the curve for wl,/V_ 1.0 pu in Figure 2.3. The cor-
responding value at minimum margin angle (i.e., the conven-
tional operating condition of an inverter in a point-to-
point HVDC system) 1is 6.52%, as can be found from the same
curve. This means that the 11th harmonic current increases
by a ratio of 1.314 due to the operation of the converter as

a series tap. Using Figure 2.4, the corresponding ratio for

the 13th harmonic current is 7.08/4.76 = 1.478.

The costs of minimum cost tuned filters increase ih pro-
portion with the above ratios [12]. Although part of the in-
crease in the cost of tuned filters (i.e., about one half of
it) has to be ;ttributed to the increase in the reactive
power capability of the filters, the overall cost of the
tapping station may increase considerably. It is so, not
only because the cost of providing ac tuned filters (and
thus its increase) 1is usually a considerable portion of the
overall cost of a converter, but alsc because the filter

losses will be higher as well.




To understand the behavior of the phase angles of the
characteristic harmonic currents some approximations are
helpful. Approximations of the ac current waveform by a
square wave (i.e., for zero overlap angle) and by a trape-
soidal wave (i.e., for small overlap angles) are shown in
Figure 2.5, with the same zero axis as in Figure 2.2. With
the square waveform, 1if the zero axis is moved to the right
by the firing angle plus 60 degrees, the waveform will be
symmetrical about the zero axis and, thus, the phase angles
of all harmonics will be zero. Therefore, witﬁ the zero axis
as indicated in Figure 2.5,

| Bay m (ot 60° ) (2.22)

‘ .
1 1 \\
2 }3d 7 s I /14 \7 — wt
a b/ T
. %4 T ;LWB; ‘ 2w . .[a /3 ‘:w/;'\\‘ I[,a.,,
> -

B

&

Figure 2.5: Square and Trapesoidal Current Waveforms.

It may be noted that this result is equal to the 1limit of
Equation 2.20 as the overlap angle approaches zero. With the
trapesoidal waveform of Figure 2.5, a closér approximation
may be achieved. Again, if the =zero axis is moved to the
right by one half of the overlap anglé in excess of the
shift for the square wave, the waveform will be symmetrical
about the zero axis. Therefore, with the zero axis as indi-
cated in Figure 2.5,

0, = n(ot+u/2+600)- (2.23)

(n)
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2.6.2 DC Voltage Harmonics

Fourier analysis of v(t) (i.e., Equation 2.9) results in the

real and the imaginary components of the nth harmonic volt-

age as,
V Vol FH7C0S((A+1)1/2),cos(( 0 +1)(0411/2))
- —Ljcos((n-1)u/2) . cos(( n-1)(o+1/2))}” (2.24)
- and,
Vol 1cos (1 )u/2), Sin(( ntl)(ehu/2)
- —Lecos((n-1)u/2) .sin((n-1)(o+u/2))3, (2.25)
where,
Cn 4 mp,
p = number of pulses = 6, 12, ...,
and m =1, 2, ... .
Then,
fv( wt (n)X)/Z (i.e., r.m.s. value), (2.26)
(n)= arctan(V v/ V(n)r) (2.27)
and,

V(nY_V(n)z (n) . (2.28)

Similar to the ac current harmonics, the ratio of the nth
harmonic voltage magnitude to the no 1load dc voltage can be
determined in terms of the neﬁ variables, using Equations
2.13 and 2.14, The magnitude of the 12th harmonic voltage in
percentage of the no load dé voltage 1is plotted versus

Vdﬂ@;' using w&#vs as a parameter, in Figure 2.6.

As the overlap angle approaches zero,
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Figure 2.6: 12th Harmonic Voltage of a Series Tap.

100 2 2 . K
V(n)/VO%—r ;‘2—_1»/({1 +1)-(n"-1l)cos 2a , (2.29)
w0 :
and at a firing angle of 90 degrees, it reaches its maximum,
2
> 7o = -1). 2.
O 0y VoM ax 100v2n/(n“-1) (2.30)
The maximum value for 12th harmonic is then 11.87%, which
will, theoretically, be reached at a firing angle of 90 de-
grees as the dc line current approaches zero. However, as-
suming that the dc 1line current can reach as low as 0.2 pu
during the operation at light loads (at rated ac voltage and
synchronous frequency), this value will be 11.80%, as can be
determined from Figure 2.6. The corresponding value at mini-
mum margin angle is 3.90%. This means that the 12th harmonic

voltage increases by a ratio of 3.02 due to the operation of
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the converter as a series tap. However, the dc harmonics of
a small series tap will still be smaller than those of the

main converters, if they are based on the dc line voltage.

The phase angle of the nth harmonic voltage can be de-
rived from Equation 2.27 by substituting for the variables
from Equations 2.24 and 2.25. After some simple mathematical

manipulations,

n+tan ny/2.tany/2
1+n tan nu/2,tanu/2

which can be approximated for small overlap angles as,

e(n)=n(a+u/2)—arctan{ tan(o+u/2) 1}, (2.31)

9 —— % no - arctan(n tan a). (2.32)
(n) U -0

2uks3 Harmonics Entering the DC Line

To control the magnitudes of harmonics entering a dc line
from a series tap, the lengths of the line sections between
the tap and the main converters may play important roles. A
typical representation of the situation is shown in Figure
2.7 [13], where, each line section is represented by its
equivalent pi-circuit at nth harmonic frequency and the tap
is represented by its nth harmonic voltage and its smoothing
reactors. For nth harmonic frequency, the line sections are
virtually short circuited at both main converter ends due to

the application of dc harmonic filters at these terminals.

The impedances seen from the tap at sides 1 and 2 are,

z =V1(“) - i Z . tanh(y._ .%.)
“1m - “rem) MY (Y
1m) Yrim)/ 2 ey "
£j Z tan (ZWJL1 / A(n))’ (2.33)
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Series Tap.
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ZC characteristic impedance,
Y = propagatin constant,
0 = attenuatin constant,

B = phase constant,

and ) = wave length of the line.

Then,
IZ(n)=_11(n)=V(n)/(zl(n)+22(n)+3wnLt))
where,
Le=leg * Lo

_27_

(n)

SIDE 2 (INV.)

and,
v 1
2(n) _ :
7 _ = =7 tanh(Y . .\%,)
2(n) ; B c(n) (n)"2
Tm  Yrzm/2 Y in2m)
25 Z tan (2md, / A(n)) )
where,
/ (n /T +an5l f
c(n) y(n) +anc <.

2

Equivalent Circuit for nth DC Harmonic of a

(2.34)

(2+38)

(2.36)

{2.37)
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Therefore, the nth harmonic voltage across the tap including

its smoothing reactors is,

Vomy V1) =V gy -JunL, T, (n)

; . ~

=[1- > ) T ]’V(n) (2.39)
1+ wni(tan ™~ +tan by 2)
t (n) (n)
or,
— _ 2k+1
Vm™Va (n)z{v(n)'for U
0, for 21=k122=k2>\(n)/2. k's=1,2,,.. (2.40)

This result means that if the line section lengths approach
odd multiples of the quarter wave length at nth harmonic
frequency, the smoothing reactors will be ineffective. 1In
fact, large harmonic current magnitudes may appear at the
current antinodes of the line sections. If this condition is
avoided, a proper choice of the smoothing reactors may re-
duce the harmonic magnitudes to acceptable levels. 1If surge
capacitors (S.C.'s) are used, their proper choice on each

side will be helpful as well.

2.6.4 Differential Firing

From Equation 2.22, with two (or two sets of) bridges in
series having two different firing angles, the approximate
relative phase angle between the nth harmonic currents pro-
duced by the two (or the two sets of) bridges is,

A0 n(a,-0,)= nha (2.41)

@y 2y Y1)’
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which holds for small dc line currents. A closer approxima-

tion can be found from Equation 2.23 as,

86y n(Aoc+—;-AU), (2.42)
Equations 2.41 and 2.42 both point to the fact that with a
proper difference between the two firing angles a desired
phase-shift between the two components of the nth harmonic
currents can be effected. This kind of phase-shift can re-
sult in drastic reduction in the magnitudes of a family of

harmonics with some similarity to the outcome of phase-

shifting transformers.

It is well known that an economical twelve-pulse opera-
tion can be effected by wye- and delta-connected transformer
windings on the valve side, which implies a phase-shift of
30 degrees. A twenty four—pulseboperation requires a phase-
shift of 15 degrees between each two transformer windings,
which, along with other reasons [12,13], makes it uneconomi-
cal. To have similar kinds of operation by differential fir-
ing, Eguation 2.42 shows that paq + Ap/2 should be about 30
and 15 degrees, respectively. A significant difference be-
tween the outcomes of the two techniques is that with the
differential firing technique no characteristic harmonic can
be completely eliminated, since creating the phase-shift
means creating a difference between the magnitudes of the
individual components of the harmonics as well, which is not
the case with phase-shifting transformers. Thus, such opera-
tions will be referred to as "quasi n-pulse" operations,

where, n = 12, 24, ... .
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As will be shown later in this thesis, the adoption of a
guasi twelve-pulse operation [15] as the normal operation
mode of an HVDC converter turns out to be economically unat-
tractive, although it may have other applications. A quasi
twenty four-pulse operation of two twelve-pulse bridge sets,
however, 1is potentially economical, 1if used as the normal
operation mode of a series tap. For small A&M, the approxi-
mate situation is as shown in Figure 2.8, where, drastic re-
ductions in the overall magnitudes of 11th and 13th harmonic
currents and 12th harmonic voltage are achieved due to a
difference of about 15 degrees between the two firing an-

gles.

wn s A8 ~I15° ia(l)
1 = | -
“lé"\&fL,’z(m “__#£,

2% R :
¥ B Viiz) - 2l
NS T, 7, Y
'51, Tz 1203) Vig2) " Veua
113) ~|180°

Figure 2.8: Phasor Diagrams for Aa = 15° and Small Ap.

27 DIODE RECTIFIER TECHNIQUE

A converter consigting of simple diode bridges can only
operate as a rectifier with no delay angle. A diode rectifi-
er bridge and its output voltage are shown in Figure 2.9.
The reactive power consumption and the magnitudes of charac-

teristic harmonics of a diode rectifier bridge are minimum.
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Figure 2.9: A Diode rectifier Bridge and its Output
Voltage.

A likely application of a series tapping station is where
the electrical energy of a rather small isolated source
(e.g., hydraulic generation, wind generation, etc.) is to be
transferred to an otherwise point-to-point HVDC system
(e.g., a readily existing HVDC 1line in close proximity).
Such a tap will operate in rectification mode only. In fact,
it is desirable to run the tap at (or close to) the minimum
firing angle 1limit, to ensure maximum system voltage and
thereby minimum transmission losses, as well as minimum re-
active power consumption and minimum harmonic magnitudes at
the tapping station, pointing to the fact that the valves
will virtually act as simple diodes and can be so replaced

[25].

Diode Rectifier stations have been proposed in the liter-
ature for point-to-point HVDC systems [2,19]. 1In this case
the system voltage is defined by the rectifier while the in-
verter controls the system current (i.e., contrary to the
normal operation mode of a conventional point-to-point HVDC
system). This implies higher reactive power requirement and

higher voltage rating of the valves at the inverter end. For
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comparable security and flexibility a dc circuit breaker
(one per pole) 1is required as well. However, the massive
savings at the rectifier end may result in considerable
overall savings. Parallel multiterminal HVDC systems incor-
porating diode rectifier stations have also been suggested

[5], with similar implications.

A diode rectifier series tap, however, does not require
the control of the current to be normally assigned to the
inverter station. Nor does it need any dc circuit breakers.
Furthermore, with two diode bridges in series having wye-
and delta-connected transformer secondary windings (i.e., a
twelve-pulse diode bridge set) there is a great possibility
for elimination of all harmonic filters, even on the dc side

of a rather small tap.




Chapter III

DIODE RECTIFIER SERIES TAPPING

3.1 GENERAL

In this chapter the incorporation of a diode rectifier
series tap in an otherwise point-to-point HVDC system is de-
scribed. The results of digital simulation studies of a
prototype system are presented. Diode rectifier series tap-
ping is compared with other schemes and some conclusions are

drawn.

302 OPERATION MODES OF THE SYSTEM

The system basically consists of three terminals, namely,
a controlled converter station at the main sending end
(i.e., main rectifier), another controlled converter station
at the receiving end (i.e., inverter) and a diode rectifier
station somewhere along the dc line (i.e., tap), all in se-
ries. The operation modes of the system are similar to those
of a conventional point-to-point HVDC system and the tap
simply delivers a constant power for a given dc 1line cur-
rent, as described in the subseguent subsections. It may be
noted that the ihposition of a unidirectional flow of power

in the main system is for convenience and is not a must.
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3.2.1 Normal Operation Mode

The main rectifier 1is normally in control of the system
current while the inverter, which operates as close to its
minimum margin angle as possible, defines the system volt-
age. This operation mode (also known as alpha-constant con-

trol mode) can be described by the following equations:

Vit =—V0 cosy ¢+ 3Xc Id/n (=-1.0 pu), (3.1)
Vae = Vo - 3%, Ig/m, (3.2)
Vip = Vo, cosa = 3X, Iy/m, {3.3)
Iy = UVgp + Vg = Va1) /Ry (3.4)
where,
Ry ™ total dc line resistance,
and the additional subscripts i, rt and rm indicate invert-
er, tap rectifier and main rectifier, respectively. These

subscripts are implied for each no load dc voltage and each

commutation reactance, as well.

3.2.2 Abnormal Operation Mode

If the total rectifier voltage 1is unable to overcome the
inverter voltage (e.g., one rectifier bridge is suddenly
blocked), the inverter takes over the control of the system
current. The current will be reduced by the current margin
(i.e., typically 10%) and the main rectifier will operate at
its minimum firing angle. This operation mode (also known
as beta-constant control mode) can be described by the fol-

lowing equations:
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Var = Vo COS%ygn ~ 3Xc Id/Tr ’ (3:5)
Vae = Vo ~ % Iq/m (3.6)
Vyq =V, cosB =~ 3%, I4/m (3.7)
Ig = gr *+ Var = Va) /Ry (3.8)
where,
g = advance firing angle of the inverter.

343 TAPPING STATION

3.3.1 Typical Arrangements

As was mentioned in the previous chapter, it is prefera-
ble to use two diode bridges with wye- and delta—-connected
transformer secondary windings acting as one twelve-pulse
set. The bridges have to be isolated from the ground, e.g.,
placed in a metal housing on a platform at the line voltage.
The isolation of the low voltage side from the high voltage
side may be provided either by the converter transformer or
by an isolation transformer. As was mentioned in Section
2.4, the latter has been suggested to be more economical [8]
and is shown in Figure 3.1(a). The former (not shown) can
be obtained from Figure 3.1(a) by eliminating the isolation
transformer and placing the converter transformer at the
ground voltage with the neutral point of its primary winding
connected to the ground. Another possibility is to place the
generator on the high voltage platform as well, and there-
fore, eliminate the need for isolation through any trans-

former. This arrangement is shown in Figure 3.1(b).
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Figure 3.1: Typical Diode Rectifier Series Tapping Station
Arrangements.

In each arrangement of Figure 3.1, the basic arrangement
of 1isolation switches (IS's), by-pass switch (BPS) and
smoothing reactors (S.R.'s) is shown. To protect the con-
verter station against voltage surges in the dc line (i.e.,
to reduce dv/dt), surge capacitors (5.C.'s) may be consid-
ered on both sides of the tap. Also, as in conventional con-
verters, surge diverters (not shown) are needed for protec-
tion purposes [18]. Usually, no harmonic filters 1is
required. The generator is equipped with both voltage and
speed regulators. The reactive power of the tap (ewtie y, 33%
of the real power, for 0.06 pu rated commutation voltage
loss) can be entirely supplied by the generator. The block-

ing (or deblocking) of the tap is effected by opening (or
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closing) its ac circuit breaker (C.B.), as described in the

next subsection. No dc circuit breakers is required. Trans-
former tap changers, as well as communication between the

tapping station and the main stations are not essential.

3.3.2 Blocking and Deblocking

When the tap is out of service, the dc system current
passes through the by-pass switch; the by-pass switch is
closed and the isolation switches and the tap's ac circuit
breaker are open. Closing the isolation switches and then
opening the by-pass switch cause the current to be diverted
to the diodes; all diodes become forward biased and provide
the current with three parallel paths. At this state, clos-
ing the tap's ac circuit breaker causes the deblocking of
the tap [2]. However, it means a sudden large load (e.g.,
1.0 pu for 1.0 pu dc line current) on the generator as well
as a significant disturbance in the dc system. This situ-
ation can be avoided by reducing the no load terminal volt-

age of the machine to a predetermined value. The predeter-

mined value may, with sufficient accuracy, be calculated
L& v I + Vi Vio
+ 4& Var=0 = < =
Vo Xg Xt I - —Ig X4 —1g Xg

Figure 3.2: Simplified Circuit and its Phasor Diagram for
Zero Tap Output.
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from a simple phasor diagram, as shown in Figure 3.2, where,

VtO generator no load terminal voltage,

Vf = generator -terminal voltage,
Vf = generator field voltage = V£O in per unit,
Ig = generator current,

= generator reactance,

Xi = transformer leakage reactance(s),

and th

The generator no load terminal voltage drops entirely on the

dc voltage of the tap.

reactances, resulting in zero voltage on the dc side of the
tap (at steady state), i.e., no real power output. The com-
mutation process, however, takes place and the current will
lag the terminal voltage by 90 degrees, i.e., only reactive
power will be consumed by the tap. Thus, for a smooth start-

up of the tap, the procedures will be as follows.

1. Run the generator at synchronous speed (no load).

2. Adjust the genérator terminal voltage to a predeter-
mined value which will result in zero (or a small
value, say, 0.1 pu) output on the dc side of the tap
(see Figure 3.2).

3. At the same time, close the isolation switches and,
once all diodes are conducting, open the by-pass
switch.

4. Close the tap's ac circuit breaker.

5. Gradually increase the field voltage to reach the de-
sired terminal voltage, while allowing the speed con-

trol to maintain the desired speed.
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6. Increase the inverter voltage (or deblock the corre-

sponding inverter bridge set).

The procedures for a smooth blocking (shut-off) of the
tap can easily be derived from the start-up procedures by a
proper rearrangement using the reverse actions and need not
be repeated here. It may be noted that it is possible to
block the tap without a pre-reduction of the machine termi-
nal voltage. However, such a blocking. may cause large
stresses on the machine, some overvoltages in the tapping
station and a significant disturbance in the dc system and,
therefore, should be avoided except in emergency cases. Fur-
thermore, it would be the case with a controlled tap as

well.

3.4 SIMULATION MODELLING

For digital simulation studies, basically the Bipole I1I
of Nelson River HVDC system is considered as the main sys-
tem. Each main converter is modelled by its equivalent cir-
cuit seen from its dc side, namely, by an eqguivalent dc
voltage source (i.e., Vcos o for the main rectifier and
Vbaxsﬁ for the 1inverter) and an equivalent resistance
(i.e., I%q = 3wl /m ) at either end, as shown in Figure
3.3(a). The smoothing reactors, the 12th dc harmonic tuned
filters and the dc high-pass (H.P.) filters are included at

both ends. Furthermore, a thyristor (not shown) is simulat-

ed in series with each dc voltage source to ensure that the
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current does not flow in reverse direction. Figure 3.3(b)

shows the block diagram of the current controller at the

main rectifier, which is basically a proportional-integral
(PI) controller. Similar current controller is considered at

but its ordered current is

the inverter end,

simple straight forward block

slope of the voltage-current

current margin of 10%, as shown in Figure 3.3(c).

lowered by a

The mini-

mum margin angle-controller of the inverter is modelled by a

which represents the negative

characteristic of the inverter

and is shown in Figure 3.3(c) as well.

C.B.
. co
S.R. S, S.R. S.R. S.R.
- | ,
R R
i s.C. B i I s.C. % =
VoCosa l BPS l V, Cos B
= WP L™ Tothd owe T
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180°
Td(order)
Ld(Line) :
|eo°—<:o’s"(cme°-za.qxd/q7L—> a

loe

(b) Controls at Rectifier

Figure 3.3¢

(c) Controls at Inverter

Simulation Network and Controls.
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The dc transmission line is divided into two sections.
One-third of it is considered between the main rectifier and
the tapping station and the rest (two-thirds) between the
tapping station and the inverter (i.e., Jenpeg would be the
approximate location of the tapping station). Distributed

parameter line model is used.

The tapping station is modelled in detail, based on Fig-
ure 3.1(b). Each bridge consists of six diodes and a snub-
ber circuit (i.e., a resistor in series with a capacitor)
across each diode. The field voltage and the mechanical
torque of the synchronous generator are kept constant during
the study time of the faults and other transients(i.e., at

pre-fault values).

TO‘fﬁlly utilize the extra power introduced to the system
by the tap, the total inverter voltage of the system should
be increased correspondingly. This can be achieved by intro-
ducing an extra twelve-pulse bridge set at the inverter end
(or possibly somewhere else along the line). Alternatively,
bridges of higher voltage rating may be considered at the
inverter end, which is more appropriate in case of a small
rectifier tap. For digital simulation studies presented in
the next section the tap is 10% (i.e., 1its rated dc voltage
is 10% of the rated dc voltage of the original inverter sta-
tion) and the inverter voltage 1is increased to 110% (e.g.,
by transformer tap changers, with the implicit assumption

that the extra stresses would be tolerable). No extra volt-
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age margin at the main rectifier is considered. The simula-
tion data is given in Appendix A. The simulation program is
EMTP [20] 'mode 28. The time step is 0.00004 s except for
harmonic analysis, where it is reduced to 0.00002 s for more
accuracy. Note that for ac waveforms the maximum (rather

than r.m.s.) rated values are used as the per unit bases.

8.8 SIMULATION RESULTS

3:8,1 Waveforms and Harmonics of the Tap

The steady-state waveforms of the tapping station at 1.0
pu dc line current are presented in Figure 3.4. The 11th
and the 13th harmonic magnitudes of the ac current and the
12th harmonic magnitude of the dc voltage have been evaluat-
ed as 2.24%, 1.35% and 5.6% (or 0.54% on the line voltage
base), respectively. Taking the transformer reactance as
commutation reactance, the theoretical values are 3.9%, 2.5%
and 2.7% [12], respectively. The discripancy between the
measured and the theoretical values is mainly due to the
fact that the machine causes a significant increase in the
commutation reactance (especially so, because no filters is
used) which, in turn, increases the commutation (overlap)
angle. However, for twelve-pulse operation of the tap, the
commutation angle does not increase beyond 30 degrees and,
instead, the voltage zero crossings are delayed (say, 5 to
10 degrees). This, in fact, is equivalent to a minimum fir-

ing angle limit in a controlled rectifier.
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Figure 3.4: Steady-State waveforms of the Tap.
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In Figure 3.5, the voltage across the tap including its

smoothing reactors is presented for two different locations
of the tapping station. For the first graph, the length of
the line sections are nearly even multiples of the quarter
wave length at 12th harmonic frequency and the waveform con-
tains negligible amounts of 12th and other harmonics. For
the second graph, the lengths of the line sections are near-
ly odd multiples of the quarter wave length at 12th harmonic
frequency and the 12th harmonic magnitude is hardly reduced
by the smoothing reactors (compare with the second graph of
Figure 3.4). These results are consistent with the theoreti-

cal results of Subsection 2.6.3.
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Figure 3.5: Voltage across the Tap Including its Smoothing
Reactors.
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It may be noted that in another test (not presented) the
surge capacitors were disconnected, for both locations of
the tap, which resulted in 1little change in the harmonic
content of either waveform. Especially, the change in 12th

harmonic magnitude was negligible.

3.5.2 Blocking and Deblocking of the Tap

The results of a deblocking of the tap, carried out ac-
cording to procedures 1 to 4 of Subsection 3.3.2, are pre-
sented in Figure 3.6. Before <closing the tap's ac circuit
breaker, the dc line current is 1.0 pu and the generator
terminal voltage is 0.4 pu. The commutation process starts
immediately after closing the tap's circuit breaker at t =
1.025 s. Some voltage appears on the dc side of the tap,
which vanishes in less than 0.2 second. The change in the
speed of the machine as well as the change in the dc line

current were insignificant (not shown).

The results of a blocking of the tap are presented in
Figure 3.7. Prior to opening the tap's circuit breaker the
field voltage of the machine is 0.4 pu and the dc line cur-
rent is 1.0 pu. The circuit breaker is opened at first cur-
rent zero crossings after t = 1,025 s. The current is di-
verted to the diodes (i.e., all diodes conducting) with

virtually no disturbances.
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Figure 3.7: Blocking of the Tap.

The results of an emergency blocking of the tap are shown
in Figure 3.8. Prior to opening the tap's circuit breaker
the terminal voltage of the machine and the dc line current
are both 1.0 pu. The circuit breaker is opened at first cur-
rent zero crossings after t = 0.6 s. The dc 1line current
drops since the main rectifier is unable to maintain it. The
inverter's current controller takes over and the current is
maintained at 0.9 pu in 1less than 0.2 second after the
blocking of the tap. Now, reducing the dc voltage of the
inverter to its original value (i.e., without the tap) would
cause the main rectifier's current controller to be in
charge again (resulting in 1.0 pu dc line current).
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3.5.3 Faults in the AC System of the Tap

The results of a three-phase (to ground) short circuit
and a single phase-to-ground short circuit at the genera-
tor's bus are presented in Figures 3.9 and 3.10, respective-
ly. Both faults start at t = 0.6 s and last for 100 ms
(i.e., 6 cycles). Figures 3.9 and 3.10 reveal that these
faults cause relatively minor disturbances in the dc system,

as is expected to be the case for a small tap.
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3.5.4 Maijor Disturbances in the Main DC System

A dc line fault is usually the most severe fault 1in an
HVDC system and requires the current to be brought to zero.
This is usually accomplished by applying a forced retard at
the rectifier end, 1i.e., forcing the rectifier into inver-
sion mode to quickly absorb the energy stored in the dc sys-
“tem. Similar provision is assumed with the system incorpo-
rating a diode rectifier series tap. The results of a dc
line (to ground) fault at the inverter end, right before the
inverter's smoothing reactor, are presented in Figure 3.71.
The first graph represents the fault with the tap out of
service and is provided for comparison. The fault initiates
at t = 0.63 s. The forced retard is applied by changing the
current order to zero, 6.5 ms after the conception of the
fault to allow for the line travel time as well as the fault
detection time. After 200 ms from the conception of the
fault (i.e., to allow for deionization), the fault is re-
moved and the current order is changed to its pre-fault val-

ue, namely 1.0 pu.

It may be noted that once the current reaches zero the
tap automatically stops and there is no need to block the
tap by opening its ac circuit breaker, which would be much
slower than the converter action. Nor 1is any dc circuit
breakers needed. Once the fault 1is removed and the current
starts to build up in the dc line, the commutation process

will also automatically take place in the tapping station.
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Comparison of the second graph with the first graph in Fig-
ure 3.11 indicates that both the current peak and the dura-
tion for bringing the current to zero have slightly in-
creased due to the tap. Such increases will set a limit to
the relative rating of the tap and may become decisive in

this respect.

- Dc line faults at both sides of the tap, as well as at
the main rectifier end, have been investigated as well. The
results (not presented) have shown no extra significance as
compared with that of Figure 3.11. Not surprisingly, the
faults between the tap and the main rectifier were as sig-

nificant as the corresponding faults with the tap removed.

A single commutation Failure in an inverter station vir-
tually results-iﬁ a simple short circuit on its ac side for
somewhat less than one half of a cycle. The results of such
a short circuit at the inverter end, starting at t = 0.6 s
and lasting for 8 ms, are presented in Figure 3.12. The
first graph represents the fault with the tap out of ser-
vice. It may be noted that the tap has caused a slight in-
crease in the current peak. In an HVDC incorporating a diode
rectifier station as a main rectifier station, such a cur-
rent peak may be relieved by a negative ceiling demand of
the excitation system of the generator at the diode rectifi-
er station [2]. Such provision in the tapping station has
been neither needed nor significantly helpful. However, it

may become desirable, as well as more helpful, for larger

tapping stations.
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Another rather large disturbance in the main system is

partial blocking of the converters. The results of the
blocking of one twelve-pulse bridge set at the main rectifi-
er end (i.e., one half of the converter) at t = 0.65 s,
which is followed by the blocking of one twelve-pulse bridge
set at the inverter end after 20 ms, are presented in Figure
3.13. It may be noted that some extra voltage margin at the
rectifier end would have been reqguired 1if the tap had not
existed, or the rectifier would not have been able to main-
tain the current (of course, after maintaing the current by
the inverter, the rectifier voltage could have been in-
creased by its transformer tap changers enabling it to con-
trol the current again). .But, with the tap incorporated no
extra voltage margin is required since, while the main con-
verter voltages reduce to one half, the tap voltage remains
the same and, thus, the total remaining rectifier voltage is

able to maintain the current.
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3.6 COMPARISON WITH OTHER SCHEMES

In a diode rectifier station, not only thyristors are re-
placed by simple diodes, but also, many other advantages may
be obtained. Among them, elimination of ac filters, genera-
tor transformer and the corresponding bus work, controls,
buldings and communication system, as well as easier opera-
tion and maintenance, higher reliability and possibly opera-
tion at higher frequencies for better efficiency may be men-
tioned. However, in a point-to-point (or a parallel
multiterminal) HVDC system the employment of a diode recti-
fier station implies higher reactive power requirement and
higher voltage rating of the wvalves at the inverter station
(or at the inverter station that could have been operating
at minimum margin angle). The requirement of a dc circuit
breaker is implied as well. Usually, a considerable overall
saving is possible (the system may also become more stable)

[2,5,19].

In a diode rectifier series tapping station, all savings
peculiar to a diode rectifier station can be achieved. For a
small tap the dc harmonic filters can be eliminated as well.
No extra costs at the inverter end is implied. No dc circuit
breaker is required. A moderate increase in the voltage
margin of the main rectifier may be required for comparable
flexibility. However, this requirement is due to incorpora-
tion of a series tap rather than the application of diodes

for controlled valves.




1.

A comparitive overview of four different schemes is pre-

sented in Table 3.1. These schemes are as follows.

A point-to-point HVDC system (or a parallel arrange-
ment) with controlled converters.

Similar to 1, except that the (main) vrectifier is a
diode rectifier.

An HVDC system with three controlled converters,
namely, a main rectifier,, a small rectifier tap and
an inverter, all in series.

gimilar to 3, except that the tap is a diode rectifi-

er station.

e T




(1) (2) (3 (4)
DESCRIPTION CONTROLLED CONVERTER DIODE RECTIFIER CONTROLLED CONVERTER DIODE RECTIFIER
AS A MAIN RECTIFIER AS A MAIN RECTIFIER AS A SERIES RECTIFIER TAP{AS A SERIES RECTIFIER TAP
Normal v Wy, + IR 1.0 PU (Constant) Varn™Vai*Ta®g Vart Varn~Vai*1a® Vart
dr N : _
Steady- Vdrt—at Desired Value vdrt-vo' 3XcId/n
State V,. 1,0 pu (Constant) -V, + I.R 1.0 pu (Constant) 1.0 pu (Constant)
. di dar ~ 40
Operation
d at i i
an Id Kept IdO by Kept at IdO by Kept at IdO by Main Kept at IdO by Main
Conditions Rectifier a -Control Inverter B - Control Rectifier a-Control Rectifier a-Control
(o] o}
amargin ag=10" to 15 Zero 2> Qg 2 Oo
When \Y V.coso . -3X I./m Vv, - 3X I./7% Vdrm=vocoso‘min°3)(t':ld/TT vdrm=vocosumin—3xc1d/ﬂ
dr 0 min “Tc'd 0 cd

Total -

Rectifier Vare =V oCos%y n=3X 19/ M Vart™Vo" X 1q/m

Voltage Vai - Var * laRp “Var * 1aRy Varn* a0 Vare Varnt1a® Vare

Is Below

Inverter Id Kept at Ido—lmargin by Kept at Idcflmargin by Kept at LXD_Imargin by | Kept at IdJ'Imargin by

Voltage Inverter g-Control Inverter f-Control Inverter PB-Control Inverter f-Control
Blocking or Deblocking of Main: By-Pass Valve Pair
Rectifier Bridges Takes By-Pass Valve Pair ‘Cpening or Closing the By-Pass Valve Pair Tap: Opening or Closing

Pilace by Means of

AC Circuit Breaker

the AC Circuit Breaker

Commutation Failure
or Similar Faults

May Be Handled by

Rectifier oa-Control

Demanding Negative

Ceiling of Exciter

Main Rectifier

oa-Control

Main Rectifier

a-Control

To Clear DC [Line Faults

Id is Forced to Zero by

Rectifier a- Control

(Forced Retard )

Opening the D C C.B.
( AC C.B, as Back-Up)

Main Rectifier a-Control

and Tap a-Control

Main Rectifier o-~Control
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at Main: A Little Higher Main: A Little Higher
_Reactive Rectifier ( Base ) Somewhat Lower Tap: Much Higher Tap: Lower
Power
Requirement at Inverten ( Base ) Much Higher No Change No Change
Transformer at To Reduce  VAr To Keep Vdr Main: To Reduce VAr Main: To Reduce VAr
"Rectifier

Tap Changer

Consumption

at 1.0 pu

Tap: To Reduce VAr

Tap: Not Essential

Is: at Invertey To Keep Vdiai 1.0 pu To Reduce VAr To Keep Vdi at 1.0pu To Keep Vdiax 1.0 pu
Harmonic AC ( Base ) Lower Main: S%lghtly Higher Main: Slightly Higher
Magnitudes (Pu) Tap: Higher Tap: Lower
in the
n Range Main: Slightly Higher Main: Slightly Higher
of QOperation DC ( Base ) Lower Tap: Much Higher Tap: Lower
; t o .
Equipment at Rectifier May Be Reduced Main: The Same Main: The Same
Such as: Filters,Bus Work, ( Base ) Substantially Tap:More or Less the Tap:May Be Reduced
Transformer,Buildings,etc, Same Substantially
Main System: The Same Main System: The Same
Operation & Maintenance ( Base ) Fasier Tap:Similar to Main Rect{ Tap: Easier
Normally  Needed Optional Between Tap
Communication System Necessary Not Needed Between All Converters & Main Converters
) Main System: The Same
Reliability ( Base ) Higher The Same Tap : Higher




3.7 CONCLUSIONS

In this chapter, diode rectifier series tapping has been
described. The operation modes of the system do not need to
pbe different from those of a conventional point-to-point
HVDC system. The tapping station can operate without commu-
nication, harmonic filters and many other pieces of equip-
ment normally used in an HVDC converter station. The tap can
be blocked or deblocked smoothly. The system can satisfacto-
rily recover from all major faults and transients without
"the need for any dc circuit breakers. The tap does not
overly increase the complexity of the system and the flexi-

bility of the main system remains more or less intact.

Diode rectifier series tapping is economically very at-
tractive. Easier operation and maintenance (i.e., less per-—
sonnel) as well as higher reliability of a diode rectifier
tapping station are of special importance for an isolated

remote generation site.




Chapter IV

DIFFERENTIAL FIRING IN SERIES TAPPING

4.1 GENERAL

In this chapter, the concept of differential firing is
examined for two categories of objectives, namely, VAr con-
trol and harmonics control. The voltage regulation capabili-
ty of the tap 1is calculated as a function of the number of
bridge sets in series. Harmonics control is mainly dis-
cussed in the context of a quasi twenty four-pulse tap with
an appropriate control method termed as "predetermined dif-
ferential firing" method. A small disturbance analysis of a
prototype tap is presented. The results of digital simula-
tion studies of the prototype tap incorporated in an other-
wise point-to-point HVDC system are presented and compared
with the theoretical results. Bconomic aspects and other

applications are discussed and some conclusions are drawn.

4.2 VAR CONTROL

In Chapter II, it was mentioned that with two bridge sets
in series the voltage regulation on the tap's own ac bus are
small at a large load. 1In fact, as can be seen from Figure

2.1, at Pd = -1.0 pu no controllable regulation exists, ir-




respective of the number of bridge sets. On the other hand,
the voltage regulation can always be considerable at a light
load (which is not needed much). Therefore, neither Py =
-1.0 pu, nor Pd = 0.0 can be used for assessment and compar-
ison of different cases. A more reasonable point is the most
probable load; Py = -0.8 pu at I4= 1.0 pu (equivalent to Vg
= -0.8 pu at any Id) will be used for calculation of the
voltage regulation as a function of the number of bridge

sets in series.

Assuming that the reguired reactive power is supplied by
capacitor banks only, the voltage regulation of the tap can

be calculated using the reasoning suggested in [16] for sim-

ilar situations. If for some reason the voltage at the ac
bus drops by AVS, the VAr output of the capacitor banks
drops by,

2Q = Qu(1-V%) pu, (4.1)

where,'oCN is the per unit rated VAr output of the capacitor
banks. A AQ VAr is needed to keep the voltage from further
decreasing. Another A0 is needed to bring the voltage back
to 1.0 pu. Similar reasoning can be made for a AVg increase
in the voltage. Therefore, 1in either case, 2,0 should be
compensated by the converter. Substituting Vo = 1.1146 Vg
pu, Pq = -0.8 pu and I4 = 1.0 pu in Equation 2.3, the maxi-

mum and the minimum VAr consumptions of the converter are,

Quax= [(1.1146 Vg o02- 0.6411 %0y, (4.2)
o . - ) )
Quig= ((MB-DI(1.1146 v, ;Y2 v}11/2

+ [(1.1146 vV, min)z'vgz]llz}/NB pu, (4.3)

._64_




where (using Ypip = 18 degrees, ¢V, = 0.06 pu and w = 1.0

N
pu),
le = -1.,06 VS min + 0.06, (4.4)
de = -0.8 NB - (NB - 1) le, (4-5)

and NB = number of bridge sets = 1, 2, ..., 10. Now, let
QNB be the VAr consumed by the converter with NB bridge sets
at VS = 1.0 pu. QNB's are given by the points on constant
power factor (i.e., 0.85 lagging) lines at Py = -0.8 pu, in
Figure 2.1. Then, using Equation 4.1,
Qnax~WB=22Qpax=2Qnp(1-Vg maxz)’ (4.6)
Quin~Wp=228Qpn; n=2Qenp (1-Vg minz)’ (4.7)
where, QCNB is the per unit rated VAr output of the capaci-
tor banks installed for the converter with NB bridge sets.
Substituting for Qmax and Unin from Equations 4.2 and 4.3
and then for V3y1 and Vg9 from Equations 4.4 and 4.5 in Egua-
tions 4.6 and 4.7 and after some simple manipulations, the
following eguations can be obtained:
4Qnp” Vs max’ - [1-1146244Q \p (Qup+2Q ) ]

S max2 + (QNB+2QCNB)2+O.64 = 0> (4.8)

and,

\Y

211/2
(NB - 1)[(1.1146 Vg pi )7 - (0.06 = 1.06 v 0 5211/2 /Nt
2 2,1/2
{(1.1146 v 0 ) [(0.N6-1.05 Ve min) (NB-1)+0.8 NB173 /NB
- Ong=20enm(1-Vg 1407) = O. | (4.9)
Using Figure 2.1 to determine Qug and Q.ygr ©one can calcu-
late Vs.max.and Vg min from Equations 4.8 and 4.9, for any
NB =1, 2, ..., 10. They are plotted versus NB in Figure

4.1, Their limits as NB becomes very large are 1.05 pu and

0.97 pu respectively, and are shown in Figure 4.1 as well.
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Figure 4.1: Voltage Regulation Versus Number of Bridge Sets
at Vg = ~-0.8 pu.

According to Figure 4.1, for a considerable regulation a
rather large number of bridges (say, 4 < NB < 10) is re-
gquired. This means a high degree of complexity in the tap-

ping station. The freguency of commutation failures will in-

crease, as well. Furthermore, the regulation capability
drops drastically as one bridge set (or more) goes out of
service. Thus, the cost increase (due to using smaller

bridges) can hardly be attributed to higher flexibility. It
may also be noted that operation on a minimum VAr character-
istic results in somewhat lower overall magnitudes of har-
monics, e.g., with two bridge sets 11th, 13th and 12th har-
monics can theoretically reach as high as 7.55%, 5.92% and
7.85% respectively ( as compared with 8.57%, 7.08% and
11.80% respectively). Nevertheless, such reductiohs will be

undone in case of voltage regulation by the tap.
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The above drawbacks indicate that the idea of voltage
regulation by means of differential firing is rather unsui-
table for small taps (for other series arrangements, how-
ever, some of these drawbacks may diminish and some can be
improved by other means). On the other hand, as will be
shown in subsequent sections of this chapter, a potentially
advantageous alternative, namely, harmonic magnitude reduc-
tion, exists. Another possibility is the reduction of some
of the transient overvoltages of the tap's ac bus by the tap

itself, which is exploitable even under equal firing.

4.3 HARMONICS CONTROL

4,3.1 Control System Modifications

Basically the tap needs a power (or speed) regulator and
a minimum margin angle controller to protect it against com-
mutation failure [10,26,27]. Moreover, with two bridge sets

in series, a proper difference should be effected between

the firing angles of the bridge sets to cause a desired har-
monic reduction. These controls are schematically shown in
the block diagram of Figure 4.2. For any desired harmonics
reduction, the difference angle is, at any instance, to be
determined according to a predetermined function. Thus this
control method will be referred to as "predetermined differ-

ential firing" method (it may be noted that this control

method can be used for VAr control as well).
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Figure 4.2: Control Block Diagram for Predetermined
Differential Firing.

The output of the power regulator, o (after being checked
with two limits, where, the minimum limit in rectification
mode would be 2 to 5 degrees and the maximum limit would
come from the minimum margin angle controller as well as
forced retard signals), would normally be given to valve
controls to effect the proper firing of individual valves
within every valve group. However, in Figure 4.2, a is pro-
cessed to two firing angles o, and 9 according to a predet-

ermined function, f£. Also, the maximum and the minimum lim-

its of o are modified according to two other predetermined
functions, fl and fz, respectively. Another function, g, is
needed to properly relate a to o and %9 . In fact, the first

conceivable choice is either a =0y or o =0oy. But, in ei-

ther case, Vd would be somewhat dependent on Aa. With

a=a, - where,

cos oy = (cos ay + cos az)/Z, | (4.10)




the dependence on Ao will be removed. This choice will have
another advantage that will be mentioned at its own place.
%e is referred to as "effective firing angle", since it
would produce the same dc power output as is produced by oy
and @y together, if both bridge sets were fired by o,. With

a = oe , the solution for a; and %2 is,

a) = arccos [cos a /cos (Aa/2)] = pal/2 (4.11)
ag = arccos [cos ag/cos (Aa/2)] + Aa/2 - (4.12)
Thus, the problem requires the determination of £(a,,

wIg/V,), f1logmay) and f£2(uT4/Vg) . Note that, as was shown
in Section 2.6, w, I, and Vg act as one independent vari-

able, namely, wIyq/Vg.

4,3.2 Behavior of Overall Harmonic Magnitudes

In Chapter II, it was shown that to effect a quasi twenty

four-pulse operation, Ao + 1/2 Ay should be approximately 15

degrees. This approximation holds for small ap; the larger

the Ay , the higher the error. The largest Au occurs when one

bridge set operates at its minimum margin angle limit (at
highest wIg/Vgy, Using the exact relationships derived in
Section 2.6, the 11th, the 13th and the 12th harmonics are
plotted versus the difference angle, at synchronous frequen-
cy, rated ac voltage, rated dc line current and minimum mar-

gin angle for the second bridge set, in Figure 4.3.

In Figure 4.3, as the difference angle increases from

zero, after a slight increase at the beginning, both the




w=1.0pu, V,=1.0pu, I,=1.0pu, v, =18

d
A 8 C D
ith fiee (i |74
0.0~ i3t |78 [0 72
2™ 1196 |19t |i.87 |ie6
80 Aa 12.00}13.185{14.27 | 15.0
: A§, 152.2(166.5{179.5
I(II)/I (1)
9“3) 179.3{196.2] 211.5
60 AB('Z) 110.3{124.8|138.0[147.0
< ) 927 |.9193].91
Wi
O
&i 4.0
a Loay/ Ty
2.0 l(i:
/Y"f w
M2y’ Vo — B
0.0 | | | | | ] |

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 AQ°

00 268 528 783 1033 1279 152.2 176.3 AG(‘;)

0.0 3.4 620 92.0 I121.5 150.5 179.3 207.7 A963)

0.0 58 205 404 627 86.2 110.4 1348 AB(TZ)

—1.000 -0.989 -0.978 -0.966 -0.954 -0.941 -0.927 -0.914 Vg (PU)

Figure 4.3: Overall Harmonics Versus Difference Angle.

11th and the 13th harmonics decrease drastically to their
(first) minimums at points C and A, respectively. The change
in the 12th harmonic is slight. The behaviors of the higher
order harmonics (not shown) are similar, but their minimums
occur at different locations. The 23rd and the 25th harmon-
ics, in fact, almost reach their maximums at points C and A,
respectively (after each having a minimum at about half of
the difference angle corresponding to points C and A, re-

spectively). The 35th and the 37th harmonics will have
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their second minimums at the difference angles rather close
to those of points C and A, respectively. The remaining mag-
nitudes of the 35th, 37th and higher order harmonics are of
little concern anyway (so are the dc harmonics). In other
words, optimum difference angle virtually corresponds to a
situation, where, the filtering requirement for 11th and

13th harmonics together is minimum.

It should be noted that the optimum difference angle
alone is not sufficient to arrive at optimum level of fil-
tering to be provided and other factors will have to be tak-
en into account, as well. These factors are discussed in

Section 4.6.

4.3.3 Typical Functions for a Quasi 24-Pulse Operation

It has been found that the optimum difference angle, as
described above, typically occurs around that of point B in
Figure 4.3, where, IUJ)=.%13) . Theoretically it is limit-
ed between those of points A and C. According to this cri-
terion, a typical Ao = f(as, wlg/Vg) has been found for the

whole range of operation and is plotted in Figure 4.4. It is

assumed that ‘ﬂﬁ/VS can vary between 0.1 pu and 1.2 pu.

As can be seen from Figure 4.4, the difference angle has
a virtually linear relationship with “I4/Vy , which 1is an-

other advantage of the introduction of the effective firing

angle. In Figure 4.4, all lines of the bottom graph for
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which the effective firing angle reaches its limit at wlg/Vg
< 1.0 are extended to wI,/V_ = 1.0. The corresponding
points on the top graph are then transferred to wIg/Vg =
1.0, which causes extentions on both ends of the curve for
wl4/Vy = 1.0. This curve (including its extentions) alone is
sufficient to define the difference angle on the whole range
of operation, namely,

ba = [£(ag, 1.0) = 15.1°] « wI,/V_+ 15.1°. (4.13)

The functions determining the maximum and the minimum
limits of the firing angle (i.e., f; and f;,) are plotted in
Figure 4.5. These functions correspond to the limits shown
in Figure 4.4 and with different strategies of running the
tap (see Section 4.6) they need to be modified accordingly.
If the tap is to operate as an inverter only, then the mini-
mum limit of the effective firing angle may simply be a con-
stant (say, about 80 degrees). The maximum limit of the ef-
fective firing angle has a virtually linear relationship

with the maximum firing angle of the second bridge set.
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Figure 4.5: Maximum and Minimum Limits of the Effective
Firing Angle.

4,3.4 Overall Harmonic Magnitudes and Other Effects

Using the functions established above, the overall magni-
tudes (in percentage) of 11th, 13th and 12th harmonics will

theoretically be as shown in Figure 4.6.
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Figure 4.6: Overall 11th, 13th and 12th Harmonics
(Theoretical).

Slight decreases in the overall magnitudes of 23rd, 25th
and 24th harmonics are (theoretically) expected. Higher or-
der characteristic harmonics have not been investigated in
detail, but most of them are expected to be somewhat re-
duced; no characteristic harmonic magnitudes is expected to
increase due to differential firing. So are non-character-

istic harmonics.

Differential firing technique is not expected to increase
the valve stresses. The overall reactive power demand of the
tap will, in fact, decrease slightly, as is shown in Figure

2.1 for a difference angle of about 15 degrees.
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4.4 SIMULATION NETWORK AND CONTROLS

For digital simulation studies the Bipole 1II (positive
pole only) of Nelson River HVDC system is considered as the
main system. A 10% series tap is inserted right at the mid-
dle of the dc transmission line. The network is schematical-

ly shown in Figure 4.7.

iHDRH DR DR Dk

RECTIFIER TAPPING STATION INVERTER

Figure 4.7: Simulation Network.

Each main converter station consists of four bridges in
series, each two acting as one twelve-pulse bridge set. The
ac systems of the main converters are represented by their
Thevenin equivalents. The filters on the ac and the dc

sides of these converters are as shown in Figure 4.7.

The tap also consists of four (controlled) bridges, each

two acting as one twelve-pulse bridge set. However, the two




twelve-pulse bridge sets are to have different firing angles
to effect a qQuasi twenty four-pulse operation. The arrange-
ment of smoothing reactors and surge capacitors of the tap
is shown in Figure 4.7, as well. The tap has no dc filters.
The tap operates into an ac system which has no other
source of power. Thus, obviously, the tap will operate as an
inverter. The dc voltage of the tap is to be matched by in-
creasing the transformer tap changers at the (main) rectifi-
er. A synchronous condenser is used at the tap's ac bus to
effect an effective short circuit ratio of 2.5 at full load
which at light loads reduces to about 2.0. The rated reac-
tive power supplied by the synchronous condenser is 70% of
thé rated real power of the tap. Part of the required reac-
tive power (i.e., about 20% of the real power) 1is supplied
by the 11th and the 13th tuned filters as well as the high-
pass filter. For more details on tap's ac filters see Appen-
dix B. The rest of the required reactive power is supplied
by switchable capacitor banks at both tap's ac bus and load
bus. The capacitors are assumed to be available in steps of
0.05 per unit MVAr. The load is represented by a resistance
in parallel with an inductance. The tap's ac bus is connect-
ed to the load bus by a short ac line, which is represented
by its series impedance. Any transformer in the path (e.g.,
isolation transformer) is also assumed as a series impedance
included in the line impedance. The power factor of the
circuit is assumed to be 0.85 lagging as seen from the tap's
ac bus excluding the power factor correcting capacitors. The
data of Figure 4.7 are given in Appendix C. |
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The simulation program is EMTDC [22]. All bridges are
simulated using the subroutine B6P110 (it also includes the
bridge transformer, valve dampers, firing arrangements,
etc.). The distributed parameter line model of EMTDC program
is used for simulation of the dc lines. The synchronous con-
denser is simulated by the subroutine MAC100, along with the
subroutine SCRX19 for its excitation system. The main rec-
tifier is equipped with a current controller which is simu-
lated using the subroutine POL2C5 (i.e., pole controller).
The main inverter is equipped with a similar current con-
troller but with 10% lower ordered current. It is also
equipped with a minimum margin angle controller, which is
simulated by the subroutine VGiCi6 (i.e., valve group con-
troller). The controls of the tapping station are discussed

in the following subsection.

4.4.1 Controls of the Tapping Station

The voltage at the tap's ac bus (i.e., the terminal volt-
age of the synchronous condenser) 1is to be regulated by the
excitation control of the synchronous condenser along with
the switching of the capacitor banks (the action of the

transformer tap changers is neglected). A typical static ex-

citer is assumed, namely, k. = 100 and Té 0.05 s. The

e
voltage regulator of the tap is as shown in Figure 4.8. The
time constant of the voltage transducer, TV, is assumed 0.01

S.
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Figure 4.8: AC Voltage Regulator of the Tap.

The speed of the synchronous condenser will be regulated

by controlling the effective firing angle of the tap

(simi-

lar to Figure 4.2, but, with speed deviation as the error

signal). The mechanical power applied to the shaft

of the

synchronous condenser, pm, is constant and assumed zero. In

a steady-state situation the electrical power of the

ronous condenser, P, as well as its power angle, §,

be zero as well. The effective firing angle (as well

synch-
should

as the

individual firing angles) should have a specific wvalue at

any steady state situation. Suppose due to some small dis-

turbance the speed has changed by 5,y . The change in the ef-

fective firing angle, Ao should finally settle at
stant value (generally non-zero), while A§ as well
should settle at zero. 1In other words, the effective
angle is basically derived by integrating the speed
tion twice. Assuming a gain of k (or 2ﬂfsk with Aw
unit), the following equations can be written,

bag =k AS,

AS = - 21 Aw,
S
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where, w is in per unit and § and 0o, are in radians (8§ is as

e

shown in Figure 4.9(b)). The dot means differentiation with
respect to time. k will, then, have a dimension of s—l. It
may be noted that, for the moment, the measured value of

is assumed to be equal to its actual value. Nevertheless,
later on, at an appropriate place, a pole will be added to
the system for the speed transducer. Furthermore, a propor-
tional signal will be added to each integrator output, as

well.

For the mechanical part of the machine the following
equation can be written:

Aw = Mp /i (Note that, fp_= 0), (4.16)

where, M is the moment of inertia and the self-dampingcoef-

ficient, D, 1is neglected. The opower is assumed positive

when absorbed by the machine.

In Figure 4.8, the time constant of the voltage transduc-
er is combined with the time constant of the exciter (i.e.,

for order reduction), resulting in,

WV 2o ke Avt/{l + s(Te+TV)}, (4.17)
or,
o= Yy - k +
e = = BVg/(THT) k, bv /(T HT), (4.18)
where, V& and Vf are the terminal voltage and the field

voltage of the machine (in per unit), respectively.

For the electrical part of the machine, neglecting the

dampers and the armature resistance (i.e., using a basic ma-
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chine model), the following eguation can be written (in d-q

axes) [28]:

Bey = {avy + (xgxy) 41 3/(1 + ST, ), (4.19)
or,

he' = {- Ae' + x') AL }/T 4.

% { Aeq bve + (x47%)) A¢d}/T o’ (4.20)
where, qi, Xd’ Xd , id and TGQ are the internal guadrature

axis voltage, the direct axis synchronous reactance, the di-
rect axis transient reactance, the direct axis current and
the open-circuit field time constant of the machine, respec-
tively. The following equations of the machine [28] will

also be needed:

Pe = 1qVa * g% | (4.21)
il xqiq, (4.22)
vq=e('l+x('iid, (4.23)
v%-vi+v§, (4.24)
where, vy vq, iq and x.q are the direct axis voltage, the

qguadrature axis voltage, the quadrature axis current and the
qguadrature axis synchronous reactance of the machine, re-
spectively. Note that the direction of the machine current
is assumed from the terminal bus 1into the machine (see Fig-

ure 4.9).

At any operating point the following initial conditions
(denoted by the additional subscript 0) may be assumed for
the synchronous condenser:

Vio = 1.0 pu,

Voo = 0.0,

qu

1.0 pu,
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Veo = 1.0 pu,

1qO = 0.0,
wo = 1.0 pu,
and 60 = 0.0.

Using these initial conditions, Equations 4.21 through 4.24
can be linearized about any operating point for a small dis-

turbance as,

= 3 + Ad (4.25)
Ape 150 AVd Alq,

= - i (4.26)
Avy Xy Alq,
Avq = Aeq + Xy Ald, (4.27)
bve = dv, . (4.28)

Substituting for Ape in Equation 4.16 from Equation 4.25 and
then substituting for AVd from Eguation 4.26 result in:
Substituting for Avt in Eguation 4.18 from Equation 4.28 and

then substituting for Av_ from Egquation 4.27 result in:

q

. _ ' [ -+ .
bvp = (-bvy + khe, + kxjbi )/ (T + T (4.30)

The relationship of the machine current, i, with the tap-

ping inverter current, 11, and the load current, i can be

o
found using Figure 4.S9. 1In Figure 4.9(a), a simplified rep-
resentation of the tapping station is shown, where it is as-
sumed that all harmonic currents produced by the tap are
perfectly absorbed by the filters and, therefore, the cur-
rents and the voltages are represented by their fundamental
components and the filters are represented by their capaci-

tance at fundamental frequency only. In Figure 4.9(b), the

situation in d-q axes after a small disturbance is shown.
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Figure 4.9: Simplified Tap and dc (d-q) Quantities.

From Figure 4.9(b), the following equations can be
written:

ig+ iy sin(¢;+8) + i, sin(¢,+6) = 0, (4.31)

1, + 1 cos(9;+8) + iy cos(ey¥e) =0, (4.32)

where, ¢i and ¢£ are the power factor angles of  the tap and
the load, respectively. After expanding the sine and cosine

terms, Equations 4.31 and 4.32 can be rewritten as:

i = IiQ cos § - I sin S + IQQ cos § - IQP sin §, (4.33)
lq = - I, cos§ - IiQ sin § - IKP cos § - IQQ sin 6, (4.34)
where,
—_ = 4.
Ipp =1, cos ¢, Vi Gw), (4.35)
I,QQ=M ISL sin d),szt B(w), (4.36)
= T ‘v bl L]
I.lp Ii cos ¢i I (VONVtcos o -wl SVI)/ N (4.37)
_ . _ 2
IiQ = - Ii sin ¢i = VOJ i {2Lﬁf2u2+81n 2a +sin 2@2 30
—51n(2u1+2ul) 51n(2a2+2u2)}/(16 VN). .
Note that VS==Vt in per unit (i.e., the converter trans-
former tap changer ratio is 1.0) and the magnitudes of the

phasor gquantities in per unit are equal to their correspond-
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ing dc values in dq axes. Moreover, it is assumed that the
converter causes no delay, i.e., a transfer function of uni-
ty is assumed for the tapping converter. G +7jB is the
equivalent impedance of the load, the capacitors and the

line in Figure 4.9(a), as seen from the tap's bus. Thus:
G(w) = (CLRB%/wz)/{(wa - b /w - Bt/w)z + Gﬁ} , (4.39)
Bw) = (LB - L;C/g - Bty By /W)L /u”}/
{(Bow-b /w-by /)™ + G} . (4.40)
The operating point about which Equations 4.33 through
4,38 will be 1linearized for a small disturbance is assumed

to be Py = -0.83 pu at I, = 1.0 pu. This load is assumed to

d
be the maximum steady-state load that can be normally sup-
plied by the tap with about 10% voltage margin reserved for
dynamic variations; from Figure 4.3, it can be seen that at
point B the load is 0.92 pu (at Iy = 1.0 pu) and to have a
quasi twenty four-pulse operation, the remaining 0.08 pu ca-
pacity of the tap is blocked (it will be shown later that
the blocked portion can usually be reduced to about 0.064
pu). Moreover, it has been found that the system response is
worst at maximum load. Thus . the analysis will be presented
for the above-mentioned operating point only. This operating
point leads to the following initial conditions (in addition

to the initial conditions of the synchronous condenser stat-

ed before):

IdO = 1.0 pu,
GO = 0.83 pu,
BCFO = 0.2 pu,
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0.05 pu,
X9 = 0.3 pu,
BOO = 0.4 pu,
Bip = 0.283 pu,

qm) = 0.824 pu,

B, = 0.159 pu,
Gy = d&(w)/dw|, = 0.285 pu,
%5 = dB@O/dwh) = 0.648 pu,

%0 = 2.333 rad (133.7 degrees),
A%) = 0.241 rad (13.80 degrees),
%49 = 2.220 rad (127.2 degrees),
Oog = 2.461 rad (141.0 degrees),
1o = 0.143 rad (8.220 deérees),
Moo = 0.196 rad (11.23 degrees),

bal = d(da)/d(a )|, = -0.0784,
IQPO = 0.83 pu,
Ijpo = -0.83 pu,
ISLQO = 0.159 pu,
Iﬂl) = -0.727 pu,
and 139 = -0.57 pu.

Now, from Equations 4.33 through 4.38 the following equa-

tions can be derived:

by = AIiQ+AI£Q, (4.41)
A1q=—~ AIiP- AIz "idoA‘S’ (4.42)
AIQP = G' Mo + GO Ae + GO xd Al , (4.43)
AT 6V12Aw+6V12A‘-IV
ip = N do 57d0,"q ~ “do'oN
sin % Aa + 8V, I X' Ad (4.45)

N do *d “'d
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AL, . = a, Aw + a, Aeé + a Aae + a, Al (4.46)

iQ 1 3 4 d’
where, the main system is treated as a constant direct cur-
rent source. The synchronous condenser used for simulation

studies has the following data (for full data see Appendix

C):

b
n

4 = 1.56 (2.33) pu,

g = 1.10 (1.57) pu,
x4 = 0.30 (0.43) pu,
T&O = 11.0 s,

M=2.,0H=3.0 (2.1) pu,
where, H 1s the inertia constant of the machine. The values
in paranteses are based on the same MVA base (i.e., 100 MVA)
as used for the tapping converter. Using the above value for

have been evaluated as 0.745, -0.745,

xé, aq through a

0.932 and -1.660, respectively. Substituting Eguations 4.43

through 4.46 in Equations 4.41 and 4.42 and solving for Aid

and Aiq, and then sustituting for A1; and Aiq in Equations
4,20, 4.29 and 4.30 result in three differential eguations
P and o . These
three differential Equations along with Equations 4.14 and

in terms of the space variables 5, w, eé, v

4.15 are one set of the state space equations of the system,

which can be written in matrix form as:

§=é§, ' (4.47)
where,
s ) féj
. w w
ol I R T
T Ve
Ve %€




and,

( _0.461 0.509 -0.833 0 0. 389
~377.0 0 0O 0 0

A= 0.123 0 -0.077 -0.077 0.158
-534.8 0 -1728. -16.67 -68C. 8
4 0 377 k. 0 0 o |

From matrix A the characteristic equation of the system
can be derived as:
S(s+0.245+313.76 ) (s+0.245-313.76 ) (s+8.357+39.511 ) (s+8.357
-J9.511)+146 . 5k(s+3.303+j14.22) (s+6.303-j14.22) = 0. (4.48)
As k increases (from zero) one complex conjugate pair of the
rocts of Equation 4.48 enter the right half of the s-plane.
Adding two zeros to the open loop transfer function (i.e.,
for the proportional signals in parallel with the integra-
tors) may cause a stable situation. To make the poles clos-
est to the jw axis have as little contribution to the system
response as possible, these zeros should be rather close to
the jw axis [29]. They have been set (after several itera-
tions) at s = -2.0, which result in T1==T2 = 0.5 s. A pole
at s = -50.0 1is also added to the open loop transfer func-
tion for the speed transducer (i.e., T =0.02 s). There-~
fore, the poles of the closed loop transfer function (i.e.,
the eigenvalues of the system) are the roots of the follow-

ing equation:
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1 + GH = 1+1831.25k(s+8.303+14.22) (s+8. 303+14.22)(s+2)2/
{s(s+50) (s+0.245+313.76 ) (s+0.245- j13.76)
(s+6.357+39.511)(s+8.357-39.511)} = 0. (4.49)

The root locus plot of Equation 4.49 is presented in Figure

4.10, for k > 0 [29].

k=15 | Aiw

s-plane |

Figure 4.10: Root Locus Plot of the Closed Loop System for
kz0.
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Requiring p =cos 8 > 0.5 for the dominant complex conju-
gate roots, the loop sensitivity turns out to be k > 1.5,
For k = 1.5, the settling time constant of these oscillatory
roots is 0.12 s with an oscillation frequency of 2.3 Hz. In-
creasing k beyond this value is not necessary, as a very
large k may cause, in some cases, commutation failures. k =

1.5 s “is used for all simulation studies. The speed regula-

tor of the tapping station is shown in Figure 4.11,

OLe min

80 degrees is assumed. o is determined from o

max 2 max 2¢7

cording to the top graph of Figure 4.5. «

2 max 1S determined

by the minimum margin angle controller of the tap. This con-
troller 1is used for the second twelve-pulse bridge set
(i.e., the one having the larger firing angle &; ) only, and
is simulated using the subroutine VG1C16 of EMTDC program.
All data of the controls of the tap are given in Appendix C,

as well.

Ti ]
w(ref‘)(pU)Z 277 fgk |—4 =) [

+ +

1 e @(mea)?V e L2~
w(mes.)(pu) 1+35Ty w(act)(PU) Il - llj cos
i Ld(mes) P} V(mes)(P¥)

Figure 4.11: Speed Regulator of the Tap.




4.5 SIMULATION RESULTS

A time step of 0.000025 s has been used for all simula-
tion studies. For steady-state studies the synchronous con-
denser is set at constant speed, namely, 376.991 rad/s.
Note that for ac waveforms the maximum (rather than the

r.m.s.) rated values are used as the per unit bases.

4.5.1 Steady—-State Studies

The current and the voltage waveforms of the tap at two
different load conditions, namely, full 1load and no load,
are presented in Figure 4.12. For comparison, the corre-
sponding waveforms for (conventional) twelve-pulse operation
of the same tapping station are presented in Figure 4.13.
Note that for a twelve-pulse operation of the same tap, the
11th and the 13th tuned filters have to be modified as the
11th and the 13th harmonic magnitudes are much higher than
those of the quasi twenty four-pulse operation. For the de-

tails of these filters see Appendix B.

The harmonic magnitudes of the waveforms of Figures 4.12
and 4.13 are presented in Table 4.1. They are in agreement
with the theoretical results of Figures 4.6, 2.3, 2.4 and
2.6, taking into account the effect of the system impedance.

Non-characteristic harmonics are more or less the same for

both kinds of operation.
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TABLE 4.1

Overall Harmonic Magnitudes (Simulation)

o
foyTay* or Vny/VoF
Quasi 24-Pulse Operation | Twelve-Pulse Operation
n 0.92 pu Load No Load 0.92 pu Load No Load
4.12(a) 4,.12(b) 4,13(a) 4.13(b)
5 0.24 0.10 0.07 0.23
7 0.21 0.24 0.02 0.22
11 1.05 1.34 8.02 9.07
ac |13 1.24 1.16 6.19 7.32
side |17 0.17 0.21 0.18 0.27
19 0.23 0.23 0.19 0.17
23 1.65 3.77 1.86 3.87
25 1.10 3.28 0.88 3.18
6 0.70 0.04 0.65 0.29
dec |12 2.17 0.33 3.26 10.28
side |18 0.02 0.02 0.20 0.14
24 2.45 1.94 2.69 1.97

From each twelve-pulse bridge set one vaive of the same
position is studied. The simulation results of the voltages
and currents (their derivatives are not shown) of these
valves, at two load conditions, namely, full load and no
load, are presented in Figures 4.14 and 4.15, respectively.
For comparison, the corresponding waveforms for twelve-pulse
operation are presented in Figure 4.16 (in this case both
valves have the same waveforms). The results indicate that
the valve stresses are basically the same for both kinds of

operation.
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Figure 4.14: Valve Voltages and Currents of a Quasi

24-Pulse Tap (FL).

_94_




lv,! £ 0.0, I3 =1.0pu, w=1.0pu, Vs = 1.0 pu
o
DD
D_,—.. )
> ¢ | AN o Al R A
> A M"‘L/ "
— " V
(2]
'0. 00 0.01 0.02 0.03 0.0u 0.05
SECONDS
o
:)('\J
0. —
S b,
=
F% T .‘_—(Jl D, o
—t e S A = o <3
09
0.00 0.01 0.02 0.03 0.0Y 0.05
SECONDS
(]
—
0~ 'i/ - E/U ?/“
> ¢l | \ /4 /) VAV - I
> - Y Ly i Wy
NS / e N
ot b '
Dy 0o 0.01 0.02 0.03 0.0u 0.05
SECONDS
o
- R
0 — o e
- ‘.
>——-3 iy J M pef iy (D) L_e_
=
Do 00 0.01 0.02 0.03 0.0u T 0.05
SECONDS

Figure 4.15:

Valve Voltages and Currents of a Quasi
24-Pulse Tap (NL).

- 95 -




1.50

D
o Jﬁ I
= [
> ' R
> O .
=0
0.00 0.01 0.02 0.03 0.0u 0.05
SECONDS
[an)]
oSN
O — f\v.-.vwa}"‘_}w«ql FM«—'@‘:«MM“ @.wxwwvwm
= | | f ‘ |
- T — |
>—rr3:\ mwl \ fa p__.J \3 o [ \
St
0.00 0.01 0.02 0.03 0.0u 0.05
SECONDS
(a) 0.92 pu Load
O
- Rt
0 — b/' E/A.,
> | L i
.2 7 | T 2
D0 00 0.01 0.02 0.03 0.0y 0.05
SECONDS
[u]
=N
D__:——c
=
[an]
>— e D &
-
oy i i
0.00 0.01 0.02 0.03 0.04 0.05
SECONDS

Figure 4.16:

(b) No Load (< 0.02 pu)

Valve Voltages and Currents of a 12-Pulse Tap.

- 96 -




4.5,2 Disturbances in the Tapping Station

The results of a 10% load change are presented in Figure
4.17. Thé initial load is 0.83 pu and is reduced by 10% at
t = 0.05 s. At the same time, the reactive component of the
load, BL’ is also reduced so that the power factor remains
the same (i.e., 0.85). At t = 0.2 s (i.e., 9 cycles after
the load change) the capacitors are switched (i.e., BC re-
duced from 0.40 pu to 0.35 pu and EbC increased from 0.05 pu
to 0.10 pu) to keep the voltages within acceptable limits.
From the speed deviation curve in Fiqure 4.17, it can be
seen that the dominant oscillation has a frequency of about
1.92 Hz (i.e., the period of the first cycle after t = 0.2 s
is about 0.52 s). The magnitude of the oscillation reduces
by a factor of 0.03 at the end of the first cycle, which
means a decaying time constant of about 0.148 s. Similar re-
sults can be derived from the firing angle curves in Figure
4.17. These results are in close agreement with the theoret-

ical results, considering the simplifications used 1in the

theoretical model.

The results of a 50% load reduction are presented in Fig-
ure 4.18, The conditions are the same as those of Figure
4.17 (but, BC is reduced to 0.25 pu and B is increased to

CC
0.2 pu).

Using the differential firing technique for harmonic con-

trol does not preclude the possibility of reducing some of
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the transient overvoltages of the tap's ac bus by the tap
itself. 1In fact, with two bridge sets in series, operation
on the minimum VAr characteristics offers rather small VAr
absorption capabilities at large loads (see Figure 2.1), if
the real power is to remain unchanged. If the real power is
allowed to be changed (e.g., for a short duration during a
transient overvoltage), then the VAr absorption capability
of the tap substantially increases at large loads (where it
is needed most), regardless of the (steady-state) operation
characteristic; 1in any case, the VAr consumption of the tap
can be increased to as high as 1.1146V51d pu, as can be seen
from Equation 2.3. This capability of the tap (under the
guasi twenty four-pulse operation) can be seen by comparison
of Figures 4.19 and 4.20. Figure 4.19 is the result of a
| complete load disconnection at t = 0.05 s, without any over-
voltage control by the tap (Eb is reduced to 0.0 and BCC is
increased to 0.3 puat t = 0.2 s). The initial load is 0.83
pu. It can be seen that the overvoltage at the tap's ac bus
is very large; it has (momentarily) reached as high as 2.2
pu. Figure 4.20 is the result of the same disturbance, but
this time, 5 ms after the load disconnection the effective
firing angle 1is reduced to about 95 degrees and then re-
leased according to a ramp with a slope of 20 rad/s. In Fig-
ure 4.20, the tap's ac bus voltage has reached as high as

1.73 pu.
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The results of a three-phase (to ground) fault at the
tap's ac bus are presented in Figure 4,21. The fault occurs
at t = 0.05 s and lasts for 6 cycles. The load is 0.83 pu.
Before removing the fault, the effective firing angle is re-
duced to about 90 degrees and after removing the fault, it
is released according to a ramp with a slope of 20 rad/s.
Figure 4.22 is the result of a single phase—to—ground fault
at the tap's ac bus with similar conditions as those of Fig-

ure 4.21.
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4.,5.3 Disturbances of the Main DC System

The results of a 20% change in the ordered current of the
system are presented in Figure 4.23. The initial dc line
current is 1.0 pu. The ordered current of the system is re-
duced to 0.8 pu at t = 0.05 s. The load at the tapping sta-
tion is 0.41 pu. At t = 0.2 s, By is reduced to 0.0 (from

0.20 pu). BC remains the same (i.e., 0.25 pu).

The results of a dc line (to ground) fault at the main
inverter end (right before its smoothing reactor) are pre-
sented in Figure 4.24,. The load at the tapping station is
0.83 pu. The fault is initiated at t = 0.05 s. After 6.5 ms,
a forced retard is applied at the main rectifier end by sim-
ply changing the ordered current from 1.0 pu to zero. When
the dc line current drops to zero, the tap is blocked; The
fault is removed at t = 0.25 s (i.e., 200 ms after the con-
ception of the fault, to allow for deionization). At the
same time the ordered current is changed to 1.0 pu. Prior to
deblocking of the tap at t = 0.26 s, the effective firing
angle is reduced to about 90 degrees. After deblocking, it

is released according to a ramp with a slope of 20 rad/s.
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4.6 ECONOMIC ASPECTS AND OTHER APPLICATIONS

Doubling the number of bridge sets will usually somewhat
increase the cost (per kW) of a converter station. But it is
assumed to be offset by the higher flexibility that 1is
gained, provided that the converter is capable of operating
with one bridge set out of service. A gquasi twenty four-
pulse series tap will be able to operate with one bridge set
out of service, if the filters are still capable of perform-
ing adequate filtering. 1In this case, in a bipolar configu-
ration, 11th and 13th current harmonic magnitudes can reach
slightly higher than one quarter of their corresponding val-
ves at normal (i.e., with all bridges in service) twelve-
pulse operation of the tap (see Appendix B). A similar situ-
ation exists in case of using phase-shifting transformers,
which usually makes the case uneconomical [12,13]. 1In case
of ac voltage regulation by the tap, the extra cost due to
increasing the number of bridge sets can not be attributed
to higher flexibility, as the regulation capability drops
drastically when one bridge set is taken out of service. Op-
eration on the minimum VAr characteristic, however, will
have the flexibility of performing wunder the condition of

one bridge set out of service.
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4.6.1 Cost Comparison

To get some idea about the economic advantages of differ-
ential firing technidue and provide a basis for recognizing
other advantageous (or disadvantageous) applications, a com-
parative cost evaluation will be attempted for the three
following cases, based on the tapping station that has been
used for the digital simulation studies presented earlier in

this chapter.

1. Twelve-pulse operation with equal firing angles.
2. Quasi twenty four-pulse operation.

3. Minimum VAr operation.

It may be noted that in every case the tap consists of two
twelve-pulse bridge sets in each pole and each twelve-pulse

bridge set is rated at 50 MW.

The following unit costs in 1985 Canadian dollar [30]

will be used:

cost of turnkey terminal (100 MW) $130.00/kwW,

additional cost of series tapping $10.00/kW,
cost of synchronous condenser = $55.00/kva,
cost of capacitor banks = $6.50/kVAr,

cost of energy = $0.02/kWh,

cost of capacity loss = $2000.00/kW-installed.

In a conventional converter terminal, the cost of smoothing

reactors and the cost of filters are about 5.3% and 8.3%

[30], respectively. The cost of ac tuned filters are esti-




mated to be one half of the cost of all (ac and dc) filters,
i.e., 4.15%. The 11th and the 13th harmonic magnitudes of a
series tap are higher than those of a conventional converter
by factors of 1.314 and 1.478, respectively. thus on the

average,

Li}

cost of ac tuned filters 130.00 X 0.0415 (1.314

+ 1.478) / 2 $7.53/kW.

]

And,

it

cost of smoothing reactors 130.00 X 0,053

$6.89/kW.

The loss of the ac tuned filters of the eqgual firing opera-
tién at fundamental frequenéy is 27.771 kW, as calculated in
Appendix B. Assuming that the tap will be in service 95% of -

the time,

c cost of energy loss per year

27.771 X 8760 X 0.95 X 0.02

$4622.21/year.

Assuming,

r annual fixed charged rate = 0.15,

and,

n

i annual interest rate = 0.06,
the present day worth of the lost energy 1is,

2 3
cr/(1+1) + 2cr/(1+1)  + 3cr/(1+i) + ... = cr(1+i)/i°

n

$204147.61

L}

$2.042/kW.

Adding the cost of capacity loss to the cost of energy loss,

cost of the losses of ac tuned filters 2.042 + 2000.00

X 27.771 / 100000

$2.60/kW.
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The savings on the costs of the ac tuned filters of the
quasi twenty four-pulse operation and the minimum VAr opera-
tion have been found to be 33.65% and 6.17% (see Appendix
B), respectively, as compared with the equal firing opera-
tion. The savings on their losses have also been found to be
68.11% and 13.66%, respectively. The savings on smoothing
reactors are 48% and 24%, respectively, which have been cal-
culated using Equation 2.39 (for the data see Appendix C).
The rating of the synchronous condenser for the quasi twenty
four-pulse tap is 70 Mva, which effects an effective short
circuit ratio (ESCR) of 2.5 at 0.92 pu load (at 1.0 pu dc
line current). To have the same effective short circuit ra-
tio for either of the other cases, a 74 MVA synchronous con-
denser is needed. The total capacitance used for reactive
power compensation in each case is calculated based on keep-
ing both the voltage at the tap's ac bus and the voltage at
the load bus within the same 1limits in all three cases. 1In
case of the quasi twenty four-pulse tap the provided filter-
ing level allows ‘Vd‘ (in inversion mode) to be increased
upto 0.936 pu at Tq= 1.0 pu, i.e., 6.4% of the capacity of
the tap has to be blocked (see Figure 4.3). However, as the
dc line current decreases, it is possible to run the tap in
a way that the blocked portion tapers off; for I4 < 0.31 pu
no portion has to be blocked. This way of runing the tap is
advantageous in reducing the transmission losses. The aver-

age of the conversion capacity loss is estimated to be 3.4%.
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The results of the above

Table 4.2.

eration and the minimum VAr operation

and 1.7%,

Cost Comparison of

respectively.

TABLE 4.2

considerations are presented in

The savings for the quasi twenty four-pulse op-

are 1n excess of 2.0%

BEqual and Differential F

iring Operations

Coefficient (pu)

$/kW-Capacity

Description 12-P |Q 24-P{Min VAr! 12-P |Q 24-P|Min VAr
Cost of Terminal 1.0 1.0 1.0 {130.00]130.00{130.00
Additional Cost
for a Series Tap 1.0 1.0 1.0 10.00{ 10,00} 10.00
Cost of Synchr- o
onous Condenser
at $55.00/kva 0.74 0.70 0.74 40.70| 38.50} 40.70
Cost of
Capacitor Banks
at $6.50/kVAr 0.65} 0.628| 0.536 4,23 4,08 3.48
Saving on Smoo- h -
thing Reactors
at $6.89/kw 0.0 0.48 0.24 0.00] -3.31| -1.65
Saving on B 7‘ W ]
AC Tuned Filters
at $7.53/kW 0.0]0.3365(0.0617 0.00| -2.53| -0.46
Saving on |
the Losses of
AC Tuned Filters
at $2.60/kw 0.0({0.6811(0.1366 0.00{ -1.77{ -0.36
Total Unit Cost
Including the
Capacity Loss of
the Q 24-P Tap 1.011.0352 1.0 {184.93(181.13181.71

(100%) | (98.%) [(98.3%)




4.6.2 QOther Applications

It is pqssible to reduce the conversion capacity loss of
the quasi twenty four-pulse tap, even to the point that it
vanishes altogether, by increasing the level of filtering.
The required level of filtering will, in any case, be con-
siderably lower than that of the normal twelve-pulse opera-
tion of the tap, as the magnitudes of 11th and 13th harmon-
ics will be at most equal to those of the same converter
operating around V3 = -1.0 pu. In this case there is no need
to decrease the 11th and the 13th harmonic magnitudes to the
values of the guasi twenty four-pulse operation. Instead,
while the magnitudes of 11th and 13th harmonics are kept
around the values corresponding to the operation at minimum
margin angle, the magnitudes of other harmonics such as 23rd

and 25th can be reduced as well.

One possibility is to look for minimum commutation fail-
ures, namely, minimum difference angle. 1In this case, the
difference angle can be approximated by,

Ao = - 1.31 (wId/VS)2 + 10.04 degrees. (4.50)
It may be noted that when one bridge set reaches its minimum
margin angle limit, the difference angle can be reduced down
to zero to meet larger loads and, therefore, no capacity

will be lost (i.e., no blocked portion).

Another possibility is to maximize the reactive power re-

duction (i.e., to maximize the difference angle), while the
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11th and the 13th harmonic magnitudes are kept at or below
the same levels. The required difference angle will be about

20 degrees.

A third possibility is to obtain the maximum possible re-
duction on the installed reactive power (i.e., 8.0% as shown
in Figure 2.1) and reduce the harmonic magnitudes as much as
possible, as well. This case will reguire a difference an-

gle of about 42 degrees.

The maximum (theoretical) magnitudes of the harmonics and
the amount of the reactive power reduction of the above pos-
sibilities are presented in Table 4.3. For comparison, the
corresponding values of the egqual firing operation are pro-

vided, as well.

TABLE 4.3

Comparison of Various Possibitities

Maximum Harmonic Magnitudes (%) VAr
Case AC Side DC Side Reduction

Description n=11in=13|n=23 |n=25 | n=12 [n=24 (%)

Equal Firing 8.57{7.08(3.3312.91 {11.84 |5.86 6.0
b = - 1.31 I

+10.04 degrees 6.57({4.83{1.35|1.15 | 5.98 |2.83 0.3

Ao 2 20 degrees 6.5714.8311.691(1.40 | 5.94 1|2.90 2.5

Ao 2 42 degrees 7.461!5.7711.86|1.54 | 6.5113.10 8.0
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Another application that has been mentioned before 1is a
quasi twelve-pulse operation which is not economical as com-
pared with the twelve-pulse operation wusing wye- and delta-
connected transformer windings, as the remaining magnitudes
of the 5th and the 7th harmonics are rather 1large and, at
1.0 pu dc line current, about 18% of the capacity of the

converter will have to be blocked.

It should be noted that the application of differential
firing technique is not restricted to series tapping and can
be applied to the converters of a point-to-point system, as
well. However, in this case, the required installed reactive
power will increase. To have a quasi twenty four-pulse in-
verter, the increase in the required installed reactive pow-
er will be 0.0617 pu (in case of a series tap it, 1in fact,
decreases by about 0.01 pu). Moreover, the original magni-
tudes of the characteristic harmonics of the converter are
considerably lower than those of a series tap and, there-
fore, the savings on the unit cost of filters (and their
losses) will be considerably less. A cost analysis similar
to that of Table 4.2 reveals that this case 1is unlikely to
result in any savings. Nevertheless, the idea of harmonics
reduction using differential firing can be implemented, at
virtually no cost, in converters with two (or two sets of)
bridges in series, to be in effect in case of filter outag-

es; the converter will be able to operate at somewhat de-

creased dc¢ voltage and possibly at somewhat decreased dc




line current. Several predetermined functions for the dif-
ference angle can be considered to take care of different
harmonic filters and, thereby, considerably increase the
continuity of service and improve the reliability of the

system as a whole.

4.7 CONCLUSIONS

In this chapter, the concept of differential firing has
been investigated for two groups of potentially advantageous
possibilities, namely, VAr control and harmonic control. At
large loads, the voltage regulations are small for two
bridge sets and improve considerably as the number of bridge
sets increases. However, as the number of bridge sets in-
creaées, so does the complexity of the tapping station and

technical as well as economic problems may arise.

In case of harmonic control several advantageous possi-
bilities exist, of which a classical application, namely, a
guasi twenty four-pulse operation, has been investigated in
detail. An appropriate control method, namely, the predet-
ermined differential firing method, has been developed. The
introduction of the effective firing angle has made the case
more practical. Theoretical as well as digital simulation
studies have been performed and their results have been com-
pared. The technical feasibility of the idea has been shown

by both theoretical and simulation results and, even with a

weak ac system at the tapping station, no side effect has




been detected. The tap's capability to reduce some of the
transient overvoltages of its own ac bus may still be ex-
ploited. The economic advantages of the idea have been
shown, as well. Harmonic magnitude reduction using differ-
ential firing may have advantageous applications in convert-

ers other than series taps, as well.
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Chapter V

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDIES

The main objective of this thesis has been to increase
the viability of series tapping of HVDC transmission. 1In

persuit of this objective, two techniques, namely,

1. diode rectifier series tapping and

2. differential firing in series tapping,

have been investigated.

5.1 CONCLUSIONS

Based on the results of the analytical studies, the digi-

tal simulation studies and the economic comparisons present-
ed in this thesis, the following major conclusions are de-

rived:

1. Diode rectifier series tapping 1is technically feasi-
ble and economically very attractive. There 1s no
need for dc circuit breakers and the tap can satis-
factorily operate without many components such as
filters, communication system, etc., normally used in
an HVDC converter station. The tap does not overly
increase the complexity of the system and thébflexi~
bility of the main system remains more or less in-

tact.
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2. Two inherent drawbacks of HVDC converters, namely,

the consumption of reactive power and the production

of characteristic harmonics, are more apparent and

more intense in a (conventionally controlled) con-
verter operating as a series tap. The concept of dif-
ferential firing is, to some extent, capable of miti-
gating these problems.

3. Some voltage regulation on the tap's own ac bus can
be exercised by using differential firing. At a
large load the voltage regulation that can be ob-
tained with two bridge sets in series 1is relatively
small, but improves considerably as the number of
bridge sets increases. However, as the number of
bridge sets increases, so does the complexity of the
tapping station, and technical as well as economic
problems may arise.

4. Harmonic magnitude reduction wusing differential fir-
ing is technically feasible and can result in overall
economic gains. A viable application is the so-called
qguasi twenty four-pulse operation.

5. The guasi twenty four-pulse operation of a series tap
does not preclude the reduction of some of the tran-
sient overvoltages of the tap's ac bus by the tap it-
self. |

6. The option of combining the harmonic magnitude reduc-
tion and the VAr reduction exists, which may result

in even more economic gains.
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7. Harmonic magnitude reduction wusing differential fir-
ing may have valuable applications in converter sta-

tions other than series taps, as well.

5.2 MAJOR CONTRIBUTIONS

The major contributions of this thesis are as follows:

1. Comprehensive analyses of the reactive power require-
ments and the characteristic harmonics of a series
tap and their comparison with those of other (prima-
rily conventional) converter operations.

2. Analysis of the effect of the location of a series
tap on the characteristic harmonics entering the dc
transmission line from the tap.

3. Proposal and analysis of a diode rectifier series tap
on an HVDC 1line and its comparison with other
schemes.

4, Digital simulation studies of an HVDC system incorpo-
rating a prototype diode rectifier series tap and de-
velopment of a method for smooth deblocking (or
blocking) of the tap.

5. Analysis of the ac voltage regulation capability of a
series tap as a result of differential firing.

6. Development of the firing algorithm for a quasi twen-
ty four-pulse series tap.

7. Proposal of the appropriate modifications in the con-

trol system of the tapping station, as required for
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harmonic magnitude reduction wusing differential fir-
ing, and the small signal analysis of a prototype
system.

8. Digital simulation studies of an HVDC system incorpo-

rating a prototype quasi twenty four-pulse series
tap.
9. Examination of the economic implications of various

applications of differential firing.

5.3 SUGGESTIONS FOR FURTHER STUDIES

1. From the results of the digital simulation studies of
the 10% diode rectifier series tap presented in this
thesis, it appears that the tap can, in fact, be
larger than 10%. Thus, further digital simulation (or
simulator) studies as to the relative magnitude of
the tap is suggested. Moreover, the configuration of
the diode rectifier tapping station (Figure 3.1(b))
suggests that unit connection schemes can be used in
further investigations of the diode rectifier series
tapping technique. Operation at higher frequencies

(for better efficiency) may be investigated as well.

2. An inverter series tap requires the maintenance of a
corresponding rectifier véltage in the dc system. It
appears to be more logical, as well as more economi-
cal, to provide the required rectifier voltage by a

diode rectifier series tap. In this case, the reduc-
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tion of dc harmonics of the inverter tap by using
differential firing will be more valuable.

When an actual series tapping project is available, a
comprehensive cost analysis of various possibilies of
differential firing, in order to arrive at the opti-
mum case, is recommended (the optimum case, if avail-
able, can be used for the inverter tap of the config-
uration suggested in (2) above).

Finally, the application of harmonic magnitude reduc-
tion using differential firing as a contingency plan

(i.e., 1in case of filter outages) 1in a conventional

HVDC converter, is another area for further studies.
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Appendix A

SIMULATION DATA OF DIODE RECTIFIER SERIES
TAPPING

A.1 THE MAIN RECTIFIER

Ratings: 529 kV/pole = 1.058 pu,
2000 A = 1.0 pu,

1058 MW/pole.

Royq = SwLCﬁT = 26.46 ohms.
%mu@in = 13 degrees.

o . = 2 degrees.

min

O ox = 135 degrees.

Smoothing Reactors = 750 mH.
DC High-Pass Filter: 0.6 yrr, 20.36 mH, 1000 ohms.

DC 12th Tuned Filter: 0.4 yr, 122.2 mH, 7.94 ohms.

KR1 -5.882 degrees/A.s.

KR2 0.0136 s.

Ti = 0.006 s.
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A.2 THE INVERTER

Ratings: 1.1 X 500 kV/pole = 1.1 X 1.0 pu,
2000 A = 1.0,
1.1 X 1000 MW/pole.

Req = 3(DLC/TT = 25 ohms.

% in = 110 degrees.

Ymin = 18 degrees.

1 ) = 10% of the Rated DC Line Current.
margin

Smoothing Reactor = 750 mH.
DC High-Pass Filter: 0.6 uF, 20.36 mH, 1000 ohms.
DC 12th Tuned Filter: 0.4 uF, 122.2 mH, 7.94 ohms.

KI1

-5.882 degrees/A.s.

KI2

0.0136 s.

T. = 0.006 s.
i

A.3 DC TRANSMISSION LINES

Rectifier Side: 193.7 mi,
0.025 ohms/mi,
2.528 mH/mi,
0.01442 uI" /mi.

Inverter Side: 387.3 mi,
0.025 ohms/mi,
2.528 mH/mi,

0.01442 uF /mi.
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A.4 TAPPING STATION

Ratings: 50 kV/pole 1.0 pu,

2000 A

1.0 pu,
100 MW/pole.

Each Smoothing Reactor = 75 mH.
Each Surge Capacitor = 1.0 uF.
Each Snubber Circuit = 0.5 yF, 182.5 ohms.

Converter Transformer: AC Side Three-Phase MVA = 111.0,
AC Side kv = 13.8 (L-L),
DC Side kV = 19.63/winding (L-L),
Leakage Reactance = 11.32%,
Series Resistance = 0.5%,
Parallgl Resistance = 1.0 MR,
Knee of Saturation Curve = 1.2 pu.
Generator: MvVAa= 120, kv = 13.8, fs = 60 Hz,
ra = 00,0033 pu, xl = 0.165 pu, xb = 0.165 pu,
X3 = 1.106 pu, x& = 0.301 pu, xa = 0.233 pu,
Xy = 0.640 pu, x& = ..., xa = 0.242 pu,

Tdo = 4,10 s, THO

H 3.42 MW.s/MVa,

12

0.019 s, Tv 0.048 s,
go

D= 2.0 pu.
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Appendix B

AC FILTERS WITH DIFFERENTIAL FIRING

B.1 QUASI TWENTY FOUR-PULSE OPERATION

The cost of a filter tuned for a particular harmonic var-

ies with the size of the filter [12] as,

K=45+B5t (B-1)
where,
K = cost (%),

S = size (MVAr),

A

constant ($/MVAr),

and B constant ($.MVAr).

Assuming,

Uo = unit cost of capacitor ($/MVar),

and U; = unit cost of inductor ($/MVAr) = 1.8 Ue

the above constants can be described as,

3 2 e
A=+ U= (v 1emd (p-2)
and,
2 2 2 2 .
B= + - (B_3)
V(l) I(n)F (UC UL)/n 2.8 V(l) I(n)F L(;/n,
where,
V(l) = fundamental voltage (kV/phase),
and IUHF = nth harmonic current through the filter (kA).

The size for minimum cost, S ;.

is found by equating the
derivative of Egquation B-1 to zero. Thus,
- 3 . -
Smin (B/AY* , (B-4)
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and,

- %
. _ -
K. = 2(4.B)% . (B-5)
Assuming,

%n = maximum network impedance angle = 75 degrees,
and 6m = maximum per unit deviation of freguency from tuned

frequency = 0.02,
the optimum quality factor of the filter [12] is,
QO = 0.65 / qn = 32.5,

and the nth (ac) harmonic voltage in per unit of fundamental

voltage 1is,

- _ 2 1 1 _
V(n) = 3.17 Gm(n +2)§ cos(¢m/2)/(3n3)2 ) (B-6)
Thus,
; = 0.883% < 1.0%,
V(ll) 0.883
V(lB) = 0,810% < 1.0%,
and there is no need to increase the size of the tuned fil-
C
ters beyond Shin *

For the quasi twenty four-pulse series tap in digital

simulation studies,

V(l) = 9,815 kV,
Iy = 3.79 ka,
Ly = 0:027 I qy8ec(dy/2) = 0.129 ka,
Iay = 0-023 1(1)sec(¢m/2) = 0.110 KA.

Note that the values 0.027 and 0.023 are the maximum per
unit 11th and 13th harmonic currents of the bipolar tap when
one twelve-pulse bridge set is out of service. Then,

S(ll) = 0.634 MVAr/phase (= 1.9%),

1.287 h ,
1&11) S UC per phase

- 131 -

R R I—GEG————



Cany = Sapy/Wy5) = 17.46 xF,

Loy = 1/(C(11)w2n2) = 3.33 mH,

Ry1y = (L(ll)/c(ll))%/qo = 0.425 ohm,

Loss 1y = (‘*’C(n)v(l))zR(n) = 1.774 kW/phase,
8(13) = 0.498 MVAr/phase (= 1.5%),

K(13) = $1.007 Ux per phase,

Cragy = 13:71 %7,

IYlB) = 3.04 mH,

E%lB) = 0.458 ohm,

LOSS(13) = 1.178 kW/phase.

To decrease the arithmatic sum of the voltage harmonics
up to 25th inclusive to 2.5% [12], the arithmatic sum of 23rd
and 25th should be,

2.5 - (0.883 + 0.810) = 0.807%.
The arithmatic sum of the 23rd and the 25th harmonic cur-
rents through the high-pass filter is,

I(Hl%)F = (0.0333 + 0.0291) Iy sec(%,/2) = 0.298 ka.
The magnitude of the impedance of the high-pass filter at

the resonance frequency (i.e., at n = 24) is,

2] = Ry p.y/ Q0 + @F, (B-7)
= 0.00807 Vy /Iy o\ = 0.266 ohm,
where,
Q=wnBRypy Cur.y - - (B-8)

Assuming that the total reactive power supplied by the fil-
ters should be 20% of the real power of the tap,
=20 - (1.9 + 1.5) = 16.6% = 5.533 MVAr/phase,

Su.p.)
and,
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= 152, F,
C(H.P.) 52.36 x

= 0.0 H,
Lu.p.)y & m
RGLP.) = 1,84 ohms.

B.2 COMPARISON WITH TWELVE-PULSE OPERATION

For the same tapping station but with equal firing an-
gles, the same high-pass filter can be used. But the 11th

and the 13th tuned filters have to have much larger sizes,

namely,
8(11) - 0.634 X 8.57 / 2.7 = 2.012 MVAr/phase (= 6.04%),
and 8(;5, = 0.498 X 7.08 / 2.3 = 1.533 MVAr/phase (= 4.60%).

The corresponding costs and losses are,

= 1.287 .57 2.7 = $4.085 U h ,
K(ll) UC X 8 / S 8 U, per phase
{ = ‘o 7 . 2. = . 1 J ’
1%13) 1.007 U, X 7.08 / 2.3 $3.010 U, per phase
Ioss y;y = 1:774 X 8.57 / 2.7 = 5.631 kW/phase,

it
[l

and Loss 13 1.178 X 7.08 / 2.3 = 3.626 kW/phase.
Thus, the total (three-phase) VAr, the total cost and the
total loss of both 11th and 13th tuned filters are,

total VAr = 6.04 + 4.60 = 10.64%,

3 ( 4.085 + 3.010) U

total cost c = $21.285 UC’

3 ( 5.631 + 3.626) = 27.771 kW.

total loss

In comparison, the tuned filters of the guasi twenty
four-pulse tap supply a total VAr of 3.4%. Assuming that the
difference, namely,

g 10.64 — 3.40 = 7.24%,
| is supplied by capacitor banks, the total cost will then be,
3 (1.287 + 1.007) U 7.24 Ug = $14.122 Ucr
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which means 33.65% saving. The saving on the filter losses
is,

100 [27.771 - 3 (1.774 + 1.178)1 / 27.771 = 68.11%,

B.3 MINIMUM VAR OPERATION

If the tap operates on minimum VAr characteristics, the
11th and the 13th harmonic currents of the tap will reduce
to 7.55% and 5.92%, respectively. Thus,

total VAr = 9.,24%,

total cost 18.572 U~ + (10.64 -9.24) U

C

$19.972 UC (6.17% saving),

C

and,

total loss 23.978 kW (13.66% saving).
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Appendix C

SIMULATION DATA OF DIFFERENTIAL FIRING

c.1 THE RECTIFIER

Ratings: 1.1 X 529 kV/pole,
2000 A,
1.1 X 1058 MW/pole.

= 13 degrees.

%mugin

o.. = 5 degrees.
min

%ax = 135 degrees.

Smoothing Reactor = 750 mH,

Each Snubber Circuit: 3000 ohms, 0.018 yF.

DC High-Pass Filter: 0.6 pF, 20.36 mH, 1000 ohms.

DC 12th Tuned Filter: 0.4 uyF, 122.2 mH, 7.94 ohms.

AC High-Pass Filter: 10.0 yF, 4.9 mH, 134.0 ohms.

Thevenin Equivalent of the AC System: 136.5 kV (L-G),
0.8 + j 6.92 ohms.

Converter Transformers: Three-Phase MVA = 316.78,

AC Side kv = 230.0 (L-L),

DC Side kV = 112.0 (L-L),

Leakage Reactance = 20%,

Knee of Saturation Curve = 1.2 pu.
KR1 = - 5,294 degrees/A.s.
KR2 = 0.0136 s.

Ti = 0.006 s.
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c.2 THE MAIN INVERTER

Ratings: 500 kV/pole,
2000 a,

1000 MW/pole.

Yimin = 18 degrees.
A in T 110 degrees.
o = 180 degrees.
max

Smoothing Reactor = 750 mH.

Each Snubber Circuits: 3000 ohms, 0.018 uF.

DC High-Pass Filter: 0.6 wF, 20.36 mH, 1000 ohms.

DC 12th Tuned Filter: 0.4 uF, 122.2 mH, 7.94 ohms.

AC High-Pass Filter: 6.0 wF, 2.21 mH, 158.0 ohms.

AC 11th Tuned Filter: 4.1 uyF, 14.3 mH, 1.08 ohms.

AC 13th Tuned Filter: 2.9 uF, 14,3 mH, 1.27 ohms.

Thevenin Equivalent of the AC System: 134.6 kv (L-G),
0.85 + j 7.14 Ohms.

Converter Transfomers: Three-Phase MvVa = 308.3,

AC Side kV

230.0 (L-L),

DC Side kV 109.0 (L-L),
Leakage Reactance = 20%,

Knee of Saturation Curve = 1.2 pu.

KI1 - 5.294 degrees/A.s.

KI2 0.0136 s.

Ti = 0.006 s.
Imargln = 1 096.
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C.3 DC TRANSMISSION LINES

Rectifier Side: 290.5 mi,
0.02494 (Lower Frequency) ohm/mi,
0.02977 (Higher Frequency) ohm/mi,
2.528 mH/mi,
0.01442 uF/mi.

Inverter Side : 290.5 mi,
0.02494 (Lower Freguency) ohm/mi,
0.02977 (Higher Frequency) ohm/mi,
2.528 mH/mi,

0.01442 uF/mi.

C.4 TAPPING STATION

Ratings: 50 kV/pole = 1.0 pu,
2000 A = 1.0 pu,

100 MW/pole = 1.0 pu.

Yo min = 18 degrees.

% min = 80 degrees.

oL oy = 092 G . + 0.0824 rai.

ba = (- 0.092374 a3 + 0.511267 O, - 0.955492 o

+ 0.597138)( wIg/Vy) + 0.263632 rad.
Each Smoothing Reactor = 75.0 mH.
Bach Surge Capacitor = 0.5 uF.
Each Snubber Circuit: 0.4 uF, 200.0 ohms.
Capacitor across each Bridge = 0.6 uF.
AC High-Pass Filter: 152.36 uF, 0.08 mH, 1.84 ohms.
Ac 11th Tuned Filter for Quasi Twenty Four-Pulse Operation:

17.46 yF, 3.33 mH, 0.425 ohm.
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AC 13th Tuned Filter for Quasi Twenty Four-Pulse Operation:
13.71 uF, 3.04 mH, 0.458 ohm.

AC 11th Tuned Filter for Twelve-Pulse Operation:
55.42 yF, 1.05 mH, 0.134 ohm.

AC 13th Tuned Filter for Twelve-Pulse Operation:
42.2 yF, 0.988 mH, 0.149 ohm.

Converter Transformers: Three-Phase Mva = 25.18,

AC Side kv = 17.0 (L-L) = 1.0 pu,
DC Side kv = 10.316 (L-L),

Leakage Reactance = 10.77%,

Knee of Saturation Curve = 1.2 pu.

Synchronous Condenser: MVA = 70, kV= 17.0, fs = 60 Hz,

=
Ll

0.00232 pu, X) = 0.17 pu,

0 0.13 pu, X4 = 1.56 pu,

ol
i

)
"

0.3 pu, X3 = 0.19 pu,

d
X = Vo=
q 1.10 pu, xq 0.23 pu,
Tio = 11.0 s, Tj, = 0.17 s,
™ = 0.32 s, H= 1.5 MW.s/MVA,
Qo
D = 1.0 pu, Saturation Included.
Speed Regulator: k = 1.5 s"l, T1==T2 = 0.5 s, T@ = 0.02 s.
Voltage Regulator: Le = 100, Te = 0.05 s, T; = 0.01 s,
Ve max = 6.0 pu, V¢ min - 6.0 pu.

Switchable Capacitors: C = 8 X 45.9 UF, Cb 6 X 45.9 yF.

Short AC Line: Rt = 0,1 ohm, Lt = 2,3 mH.
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